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INTRODUCTION 

Wyodak c o a l  O K  Kentucky 9/14 c o a l  i n  t h e  p re sence  of e i t h e r  hydrogen o r  n i t r o g e n .  
1-methylnaphtha lene  (1-MN) was employed as a p h y s i c a l  s o l v e n t .  Reac t ion  p roduc t s  
a r e  sepa ra t ed  i n t o  a t e t r ahydro fu ran  (THF)-soluble f r a c t i o n ,  a p r e a s p h a l t e n e  
f r a c t i o n ,  an a s p h a l t e n e  f r a c t i o n  and an o i l -p lus -gas -p lus  water f r a c t i o n .  

A comparison of an th racene  and phenanthrene  was made by l i q u e f y i n g  e i t h e r  

EXPERIMENTS 

r e a c t o r  t o  l i q u e f y  e i t h e r  Wyodak c o a l  OK Kentucky 9/14 c o a l  under t h e  v a r i o u s  
o p e r a t i o n  c o n d i t i o n s .  Another series of r e a c t i o n s  were performed i n  a 50 cc f l a s k  
t o  d i s s o l v e  e i t h e r  Wyodak c o a l  o r  Kentucky 9/14 c o a l  w i t h  e i t h e r  n e a t  a romat i c  
compounds such  a s  an th racene  and phenanthrene ,  o r  mix tu res  of n e a t  a romat i c s  and 
t h e i r  d ihydroa romat i c s  under t h e  a tmospher ic  p r e s s u r e .  The r e a c t i o n  product  i s  
s e p a r a t e d  by us ing  a p r e s s u r e  f i l t r a t i o n  p rocedure .  Convers ions  of a romat i c s  
i n t o  hydroaromat ics  are ana lyzed  by u s i n g  a g a s  chromatograph. Coal conve r s ions  
a r e  c a l c u l a t e d  on a mois ture-and-ash- f ree-coa l  b a s i s .  

DISCUSSION 
Both an th racene  and phenanthrene  a r e  conver ted  more i n t o  t h e i r  hydroder iva-  

t i v e s  i n  t h e  p re sence  of Kentucky 9/14 c o a l  t han  i n  t h e  p re sence  of Wyodak c o a l .  
T h i s  f a c t  may sugges t  t h a t  m i n e r a l s  i n  Kentucky 9/14 c o a l  a c t  as more a c t i v e  
c a t a l y s t s  than  m i n e r a l s  i n  Wyodak c o a l  i n  hydrogenat ing  a romat i c s  such  a s  a n t h r a -  
cene  and phenanthrene  i n  t h e  p re sence  of molecu la r  hydrogen (Tab le  1). 

Wyodak c o a l  i s  conver ted  more i n t o  an  o i l -water -gas  f r a c t i o n  i n  t h e  p re sence  
of  an th racene  than  i n  t h e  p re sence  o f  phenanthrene ,  wh i l e  producing  t h e  same 
amount of p reaspha l t ene  p l u s  a s p h a l t e n e  i n  t h e  presence  of e i t h e r  a n t h r a c e n e  o r  
phenanthrene .  The re fo re ,  an th racene  and i t s  d e r i v a t i v e s  a r e  t o  some degree  
b e t t e r  s o l v e n t s  t h a n  phenanthrene  and i t s  d e r i v a t i v e s  i n  l i q u e f y i n g  Wyodak c o a l  
(Tab le  1). 

s u r e  than  t h e  conve r s ion  of Wyodak c o a l  i n  t h e  p re sence  of  e i t h e r  a n t h r a c e n e  
O K  phenanthrene  (Table  1). This  f a c t  s u g g e s t s  t h a t  molecular  hydrogen may p l a y  
a more dominant r o l e  than  hydroaromat ics  i n  l i q u e f y i n g  Kentucky 9 /14  c o a l  O K  

t h a t  t h e  m i n e r a l s  i n  Kentucky 9/14 c o a l  a r e  a c t i v e l y  hydrogenat ing  t h e  a r o m a t i c  
s o l v e n t .  The a n a l y s i s  of  t h e  o i l  f r a c t i o n  s u g g e s t s  t h e  l a t t e r .  

The convers ion  of b o t h  an th racene  and phenanthrene  t o  d i h y d r o d e r a t i v e s  
i n c r e a s e s  a s  t h e  i n i t i a l  hydrogen p r e s s u r e  i n c r e a s e s .  The conve r s ion  o f  Wyodak 
c o a l  i n c r e a s e s  from 44 % t o  58 % and t h e  hydrogenat ion  of a n t h r a c e n e  i n c r e a s e s  
from 6 % to 1 7  % i n  t h e  p re sence  of an th racene ,  whereas t h e  conve r s ion  of  Wyodak 
c o a l  i n c r e a s e s  from 40  % t o  48 % and t h e  hydrogenat ion  of phenanthrene  does  n o t  
i n c r e a s e  by i n c r e a s i n g  t h e  i n i t i a l  hydrogen p r e s s u r e  from 500 p s i g  t o  1100 p s i g  
(Tab le  1). These  f a c t s  show t h a t  a n t h r a c e n e  i s  r e a d i l y  hydrogenated and i ts  
d e r i v a t i v e s  a r e  b e t t e r  hydrogen donors  o r  shut t1er . s  than  phenanthrene  and i ts  
d e r i v a t i v e s  i n  l i q u e f y i n g  Wyodak c o a l .  

The convers ion  of Ky 9/14 c o a l  is  42.4 % and t h e  hydrogenat ion  of a n t h r a -  
c e n e  is  4.4 % i n  t h e  p re sence  of n i t r o g e n  (Tab le  1). 
i s  38 % and no hydrogenat ion  of phenanthrene  i s  observed  i n  t h e  p re sence  of  
n i t r o g e n .  Th i s  f a c t  demons t r a t e s  t h a t  an th racene  Is more a c t i v e  t h a n  phenanthrene  

A s e r i e s  of r e a c t i o n s  were c o n d u c t e d i n a  25 c c ,  316 s t a i n l e s s  s t e e l  micro- 

The conve r s ion  of Kentucky 9/14 c o a l  is in f luenced  more by hydrogen p res -  

The conve r s ion  of Ky 9 /14  c o a l  
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i n  l i q u e f y i n g  Ky 9 / 1 4  c o a l  i n  t h e  absence  of hydrogen, by e x t r a c t i n g  hydrogen from 
c o a l  to be conver t ed  i n t o  d ihydroan th racene  and t h e n  b reak ing  down c o a l  s t r u c t u r e .  

Convers ions  o f  Ky 9 / 1 4  c o a l  and an th racene  to hydroanthracenes  a r e  7 2 . 4  % 
and 1 7 . 6  % r e s p e c t i v e l y  i n  t h e  p re sence  of 500 p s i g  hydrogen, w h i l e  conve r s ions  
of Ky 9 / 1 4  c o a l  and phenanthrene  are 7 5 . 3  % and 0 % r e s p e c t i v e l y  i n  t h e  p re sence  
of 500 p s i g  hydrogen ,  i n  s p i t e  of t h e  f a c t  t h a t  more hydrogen donor is  a v a i l a b l e  
i n  the  former c a s e  (Table  1). 
i n  t h e  p re sence  of an th racene  and 500  p s i g  hydrogen, whereas p reaspha l t ene -p lus -  
a spha l t ene  f r a c t i o n  is 4 6  % i n  t h e  p re sence  of  phenanthrene  and 500 p s i g  hydro- 
gen. T h i s  f a c t  may i n d i c a t e  t h a t  e i t h e r  s o l u b i l i t y  of Ky 9 / 1 4  c o a l  i n  phenanthrene  

Preasphaltene-plus-asphaltene f r a c t i o n  is 5 3  % 

and its d e r i v a t i v e s  is  i n h e r e n t l y  b e t t e r  t h a n  i n  an th racene  and i t s  d e r i v a t i v e s ,  / 
o r  t h a t  d ihydroan th racene  may be undergoing  e x t e n s i v e  r e t r o g r e s s i v e  r e a c t i o n  l 
w i t h  c o a l  or i t s e l f ,  p roducing  more preasphaltene-plus-asphaltene f r a c t i o n .  Th i s  
ev idence  may a l s o  s u g g e s t  t h a t  t h e  t r a n s f e r  ra te  of  l a b i l e  hydrogen from c o a l  t o  
an th racene  is much f a s t e r  t han  t h a t  of mo lecu la r  hydrogen from t h e  gaseous  phase  
t o  l i q u i d  a n t h r a c e n e  d u r i n g  t h e  v e r y  e a r l y  r e a c t i o n  s t a g e  due t o  low hydrogen 
p r e s s u r e .  

s i o n  of Wyodak c o a l  i n  t h e  p re sence  of hydrogen, a s  shown i n  Run 3 ,  Run 4 and 
Run 44 i n  Tab le  2 .  Convers ions  of c o a l  i n  t h e  p re sence  of  an th racene  and i t s  
d e r i v a t i v e  i s  c o n s i d e r a b l y  h ighe r  t han  i n  t h e  p re sence  of  e i t h e r  phenanthrene  
o r  l - M N ,  where conve r s ion  of  an th racene  is  22 .2  % as shown i n  Run 3 .  T h i s  i n d i -  
c a t e s  t h a t  a good hydrogen donor s o l v e n t  may p l a y  a ,more  dominant role t h a n  
molecular  hydrogen i n  l i q u e f y i n g  Wyodak c o a l  and t h a t  t h e  s o l v e n t  power of 1-MN 
i s  b e t t e r  t han  t h a t  of phenanthrene  i n  t h e  p re sence  of hydrogen f o r  t h e  l i q u e -  
f a c t i o n  of Wyodak c o a l .  

Another series of r u n s  were conducted to de te rmine  s o l v e n t  q u a l i t y  on t h e  
l i q u e f a c t i o n  of Wyodak c o a l  i n  t h e  p re sence  of  n i t r o g e n  as shown i n  Run 4 5 ,  
Run 48 and Run 4 9  in Tab le  2 .  
presence  of phenanthrene  than  i n  t h e  p re sence  of an th racene  i n  t h e  absence  of 
hydrogen. 
v e n t  t han  a n t h r a c e n e  i n  t h e  absence  of hydrogen i n  t h e  l i q u e f a c t i o n  of Wyodak 
c o a l ,  s u g g e s t i n g  that  i t  is  t h e  ease of hydrogenat ion  of  an th racene  and t h e  
e x c e l l e n t  H-donor behav io r  of i t s  h y d r o d e r i v a t i v e s  t h a t  makes a n t h r a c e n e  a good 
so lven t  i n  t h e  p re sence  of  hydrogen. 

phenanthrene  a t  t h e  r e a c t i o n  t empera tu re  of  b o t h  350 'C and 425  'C .  Phenan- 
t h r e n e  is not hydrogenated  at 350 O C  o r  4 2 5  " C ,  b u t  hydrogenat ions  of a n t h r a c e n e  
are 2.6 % a t 3 5 0  "C and 4 .4  % a t  425 O C  (Tab le  2 ) .  The d i f f e r e n c e  i n  c o a l  
conve r s ion  between a n t h r a c e n e  and phenanthrene  i s  less s i g n i f i c a n t  a t  lower  
r e a c t i o n  t empera tu re .  
t o  a n t h r a c e n e  i s  t r a n s f e r r e d  a t  t h e  lower  t empera tu re  and t h e  i n h e r e n t  s o l v e n t  
power of t h e  v e h i c l e  used i s  impor t an t .  

m a t i c  compounds o r  m i x t u r e s  of n e a t  a romat i c  compounds and t h e i r  h y d r o d e r i v a t i v e s  
a t  t h e i r  b o i l i n g  t empera tu re  under  t h e  a tmosphe r i c  environment (Tab le  3 ) .  
Conversion of  Wyodak c o a l  i n  the p resence  of  phenanthrene  is h ighe r  than  i n  t h e  
presence  of a n t h r a c e n e ,  where no hydrogenat ion  of  b o t h  an th racene  and phenanthrene  
w a s  observed .  T h i s  f a c t  shows t h a t  t h e  s o l u b i l i t y  of  Wyodak c o a l  i n  phenanthrene  
i s  h ighe r  t h a n  i n  a n t h r a c e n e  under  t h e  a tmosphe r i c  environment and i n  t h e  absence  
of o t h e r  s o l v e n t s .  

p resence  of a n t h r a c e n e ,  where hydrogena t ion  of b o t h  phenanthrene  and an th racene  
w a s  not observed  a s  shown i n  Run 1 9  and Run 22 i n  Table  3 .  On t h e  o t h e r  hand, 
t h e  conve r s ion  of Ky 9 / 1 4  c o a l  i n  t h e  p re sence  of  phenanthrene  i s  lower than  i n  
t h e  p re sence  of a n t h r a n c e  at 3 5 0  "C under  2000 p s i g  n i t r o g e n  p r e s s u r e ,  a s  shown 
i n  Run 40 and Run 4 1  i n  Tab le  2 .  
does  not  r e a c t  w i t h  an th racene  o r  e s c a p e s  i n t o  t h e  a tmosphere  b e f o r e  r e a c t i n g  
w i t h  an th racene  due  to t h e  low p r e s s u r e ,  whereas l a b i l e  hydrogen r e a c t s  w i t h  

A series of  r u n s  were c a r r i e d  o u t  t o  unde r s t and  s o l v e n t  q u a l i t y  on conver- 

I 

Conversion of  Wyodak c o a l  i s  h ighe r  i n  t h e  

T h i s  f a c t  may demons t r a t e  t h a t  phenanthrene  i s  a b e t t e r  p h y s i c a l  sol-  

Conversion of c o a l  i n  t h e  presence  of an th racene  is h ighe r  than  t h a t  of 

This f a c t  s u g g e s t s  t h a t  less l a b i l e  hydrogen from c o a l  

A series of  expe r imen t s  were c a r r i e d  o u t  by l i q u e f y i n g  c o a l  w i t h  n e a t  a ro-  

Cnnversicr? nf Ky 9!14 i3 the p r e s e z c e  of p h c n a n ~ l ~ ~ r l ~ e  is h i g h e r  Khan i n  che 

This  f a c t  s u g g e s t s  t h a t  e i t h e r  l a b i l e  hydrogen 
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an th racene  a t  h igh  p r e s s u r e .  The conve r s ion  of Ky 9/14 c o a l  i n  t h e  p re sence  of  a mix- 
t u r e  of  phenanthrene  and d ihydrophenanthrene  is h ighe r  than  i n  t h e  p re sence  of  a 
mix tu re  of  an th racene  and d ihydroan th racene ,  and t h e  conve r s ion  of d ihydrophenanthrene  
i s  h ighe r  than  t h a t  of d ihydroan th racene ,  a s  shown i n  Run 23 and Run 24 i n  Tab le  3. 
On t h e  o t h e r  hand, t h e  e f f e c t  of d ihydroan th racene  on t h e  increment  of c o a l  conve r s ion ,  
a s  shown i n  Run 1 9  and Run 23 i n  Table  3 is h i g h e r  t h a n  t h e  e f f e c t  of dihydrophen- 
an th rene  on t h e  increment of c o a l  conve r s ion ,  a s  shown i n  Run 2 2  and Run 24 i n  Tab le  3. 
This  f a c t  aga in  s u g g e s t s  t h a t  d ihydroan th racene  i s  a b e t t e r  hydrogen donor  s o l v e n t  
t han  d ihydrophenanthrene .  Neat an th racene  i s  a poorer  s o l v e n t  t han  n e a t  phenanthrene  
(about  113) f o r  b o t h  Wyodak c o a l  and Ky 9/14 c o a l  a t  330 O C .  But when 20 % of t h e  
dihydrocompound i s  p r e s e n t ,  t h e  an th racene  compound mix tu re  i s  a b e t t e r  s o l v e n t  t h a n  
t h e  phenanthrene  mix tu re .  With Ky 9/14 c o a l ,  t h e  phenanthrene  is t h e  b e s t  s o l v e n t ,  

\ 
I 

' n e a t  and i n  t h e  p re sence  of t h e  dihydrocompound. 
The d i sappea rance  of  t h e  dihydrocompounds is  i n  agreement w i t h  t h e  l i q u e f a c t i o n  of  

c o a l .  
whereas i n  t h e  p re sence  of Wyodak c o a l ,  d ihydroan th racene  is  l o s t  most r a p i d l y  (Tab le  3 ) .  

A series of r e a c t i o n s  were performed i n  t h e  p re sence  of n e a t  a romat i c  compounds 
and 1100 p s i g  n i t r o g e n  ( i n i t i a l )  a s  shown i n  Tab le  4 .  The conve r s ions  of  Ky 9/14 

, c o a l  are 32 % i n  t h e  p re sence  of an th racene  and 5 1  % i n  t h e  p re sence  of phenanthrene  
whereas  t h e  conve r s ions  of Wyodak c o a l  are  33  % i n  t h e  p re sence  of  a n t h r a c e n e  and 43  % 
i n  t h e  p re sence  of phenanthrene .  These d a t a  a l s o  show t h a t  n e a t  phenanthrene  i s  a 
b e t t e r  p h y s i c a l  s o l v e n t  t han  n e a t  an th racene  i n  l i q u e f y i n g  b o t h  Wyodak c o a l  and Ky 9/14 
c o a l  i n  t h e  absence  of hydrogen. 

I n  t h e  p re sence  of  Ky 9/14 c o a l ,  d ihydrophenanthrene  i s  l o s t  most r a p i d l y ,  

Another series of r u n s  w i t h  Ky 9/14 c o a l  were compared i n  t h e  absence  of hydrogen 
I i n  te rms  of i n i t i a l  n i t r o g e n  p r e s s u r e ,  as shown i n  Tab le  1. The conve r s ions  of  Ky 9/14 

c o a l  are 42 % i n  terms of t h e  THF s o l u b l e  f r a c t i o n  and 29 % i n  terms of  t h e  p reaspha l -  \ 

t ene-p lus-asphal tene  f r a c t i o n  a t  t h e  1100 p s i g  i n i t i a l  n i t r o g e n  p r e s s u r e ,  whereas  t h e  
conve r s ions  of Ky 9/14 c o a l  are 39 % and 24 % r e s p e c t i v e l y  a t  t h e  z e r o  p s i g  i n i t i a l  
n i t r o g e n .  The c l o s e n e s s  of t h e  v a l u e s  f o r  d ihydroan th racene  formed s u g g e s t s  t h a t  t h e  
conve r s ion  and product  d i s t r i b u t i o n  would a l s o  be  s imi la r .  The on ly  f i r m  c o n c l u s i o n  
i s  t h a t  p r e s s u r e  h e l p s  t o t a l  l i q u e f a c t i o n  and seems t o  h i n t  o i l -wa te r -gas  fo rma t ion .  
Anthracene  i s  a b e t t e r  s o l v e n t  t h a n  phenanthrene  under t h e s e  c o n d i t i o n s .  

\ CONCLUSIONS 
The r e l a t i v e  behavior  of phenanthrene  and an th racene  depends on whether  t h e  

s o l v e n t s  a r e  compared n e a t  o r  i n  t h e  p re sence  of o t h e r  s o l v e n t s ,  upon t h e  gaseous  
environment,  and upon t h e  c o a l .  When an th racene  i s  t h e  b e t t e r  s o l v e n t ,  c o n d i t i o n s  
appea r  t o  f avor  t h e  fo rma t ion  of  d ihydroan th racene  which i s  an  e x c e l l e n t  hydrogen 
donor .  When phenanthrene  i s  t h e  b e t t e r  s o l v e n t ,  t h e  i n h e r e n t l y  b e t t e r  s o l v e n t  power 
of phenanthrene  i t s e l f  f o r  t h a t  c o a l  a p p e a r s  t o  be  t h e  dominant f a c t o r .  The m i n e r a l s  
i n  t h e  c o a l ,  and p o s s i b l y  t h e  c o a l  i t s e l f ,  are a l s o  impor t an t  i n  de t e rmin ing  t h e  pre-  
f e r r e d  s o l v e n t .  
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T a b l e  4 - E f f e c t s  of Neat Aromatic  Compounds a t  425 'C 
and  15  min. on Coal Conversion in t h e  P resence  
of 1100 p s i g  Ni t rogen  a t  t h e  Room Temperature  

and i n  t h e  Absence of 1-Methylnaphthalene 

RUN NO. 

Type of Coal (1 g)  

Wyodak 
Ky 9/14 

50 

- 
+ 

5 g Aromatics 

An th racene  + 
Phenan th rene  - 

Coal  Conver s ion  ( w t  %) 
THF S o l u b l e  32.4 
P r e a s p h a l t e n e  10.8 
Aspha l t ene  8.8 
P r e a s p h a l t e n e  p l u s  

a s p h a l t e n e  19.6 
O i l ,  Water and Gas 12.8 

Conver s ion  of 
Aromatic  (wt %) 

Conver s ion  t o  

Unconverted 
Dihydroa romat i c  0 

Aromatic 1 0 0  

51 

- 
+ 

- 
+ 

51 .3  
11.1 
1 4 . 0  

25.1 
26 .1  

0 

100 
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52 

+ 
- 

+ 
- 

33 .1  
10.8 

6.7 

17 .5  
15.7 

53 

+ 

+ 

42.6 
0.5 

1 4 . 1  

14.5 
28.1 

2.7 0 

97.3 100 
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THE EFFECT OF SHORT REACTION T I M E  ON THE 
LIQUEFACTION OF AN AUSTRALIAN BROWN COAL 

A A and R.S. Yost M.G. StrachanA, N.R. FosterB, R.B. Johns 

A. Departments o f  Organic Chemistry and Chemical Engineer ing,  U n i v e r s i t y  of 
Melbourne, P a r k v i l l e ,  V i c t o r i a ,  A u s t r a l i a  3052. 

B. C.S.I.R.O. D i v i s i o n  o f  Foss i l  Fuels, N o r t h  Ryde, N.S.W., A u s t r a l i a  2113. 

INTRODUCTION 
Shor t  React ion Time (SRT) l i q u e f a c t i o n  has a t t r a c t e d  much research  i n  r e c e n t  

years (1-11). The process, which i n v o l v e s  d i s s o l u t i o n  o f  coal  i n  a donor s o l v e n t  
d u r i n g  a s h o r t  t ime domain, has many advantages over  convent iona l  l o n g e r  r e a c t i o n  
t i m e  systems. 
u t i l i z i n g  i n s t e a d  t h e  i n h e r e n t  hydrogen i n  t h e  coa l  v i a  s h u t t l i n g  and aromat ic  
t r a n s f e r  mechanisms (1,2). The design and mathematical  m o d e l l i n g  o f  con t inuous  
r e a c t o r s  i s  a l s o  f a c i l i t a t e d  by the  knowledge o f  t h e  behaviour o f  t h e  coa l  a t  
s h o r t  residence t imes. 
two-stage l i q u e f a c t i o n  systems based on t h i s  new technology, t h u s  e n a b l i n g  t h e  
decoupl i n g  o f  thermal f rom c a t a l y t i c  processes. P r e l i m i n a r y  research  on  SRT 
systems has shown t h e i r  p o t e n t i a l  t o  g i v e  s i g n i f i c a n t l y  lower  gas and h i g h e r  
l i q u i d  y i e l d s ,  hence e n a b l i n g  more e f f i c i e n t  u t i l i z a t i o n  o f  hydrogen i n  t h e  
l i q u e f a c t i o n  process. 

The m a j o r i t y  o f  t h e  research has i n v o l v e d  US bi tuminous coa ls ,  w i t h  
Whitehurst  ( 3 )  r e p o r t i n g  t h a t  optimum o i l  y i e l d s  a r e  ach ieved w i t h  c o a l s  i n  t h e  
77-87% CMAF range. He pos tu la ted  t h e  observed lower  y i e l d s  f o r  t h e  lower  rank  
c o a l s  were a consequence o f  t h e  i n s o l u b i l i t y  o f  t h e  i n i t i a l l y  formed fragments i n  
t h e  donor s o l v e n t  due t o  t h e i r  more p o l a r  n a t u r e .  
suggested t h e  l a c k  o f  r a p i d  d i s s o l u t i o n  i s  a f u n c t i o n  o f  these coa ls  hav ing  more 
a l i c y c l i c ,  r a t h e r  than hydroaromat ic and aromat ic  systems, and hence a r e  l e s s  
capable o f  i n t e r n a l  hydrogen donat ion.  

The l i q u e f a c t i o n  o f  an A u s t r a l i a n  bi tuminous c o a l ,  L i d d e l l ,  a t  SRT 
c o n d i t i o n s  has r e c e n t l y  been r e p o r t e d  (9,10,11). The au thors  observed t r e n d s  
s i m i l a r  t o  those found f o r  US bi tuminous coa ls ,  w i t h  s i g n i f i c a n t  convers ion  
o c c u r r i n g  w i t h i n  t h e  f i r s t  few minutes o f  r e a c t i o n .  To determine whether 
A u s t r a l i a n  low rank  c o a l s  d i s p l a y  s i m i l a r  SRT behaviour t o  t h e i r  US c o u n t e r p a r t s  
a V i c t o r i a n  brown coa l  has been i n v e s t i g a t e d .  Th is  paper r e p o r t s  t h e  r e s u l t s  o f  
t h e  study; emphasizing conversion, o i l  y i e l d s  and produc t  analyses. 

The coal  used f o r  t h i s  study was a medium-l ight  l i t h o t y p e  V i c t o r i a n  brown 
coa l  from t h e  Loy Yang F i e l d  (bore 1277, depth  67-68 m ) .  
( p a r t i c l e  s i z e  range: 
a t  temperature.  The SRT r e a c t o r  and d e t a i l s  o f  i t s  o p e r a t i o n  are  descr ibed 
elsewhere ( 1 0 , l l ) .  The r e a c t i o n  temperature was 380°C, the  s o l v e n t  t o  coa l  r a t i o  
6:1, and t h e  hydrogen pressure a f t e r  i n j e c t i o n  t y p i c a l l y  2100-2350 p s i g .  
r e a c t i o n  t imes i n v e s t i g a t e d  were: 

gated and c h a r a c t e r i z e d  by a v a r i e t y  o f  a n a l y t i c a l  and spec t roscop ic  methods. 
Th is  has enabled bo th  phys ica l  and chemical i n s i g h t s  i n t o  t h e  r e a c t i o n s  o c c u r r i n g  
dirrino the i n i t i a l  and subseouent d i s s o l u t i o n  o f  t h e  brown c o a l .  

These i n c l u d e  t h e  consumption o f  n e g l i g i b l e  gaseous hydrogen, 

The r a p i d i t y  o f  t h e  process has l e d  t o  t h e  development o f  

Other workers (12)  have 

The d r i e d  c o a l  
90-150 pm) was i n j e c t e d  i n t o  t h e  donor so lvent ,  t e t r a l i n ,  

The 
0,2,3,4,10,20,45 and 120 minutes .  

The Tota l  O i l s  ( d e f i n e d  as CH2C12 s o l u b l e s )  and res idues  have been i n v e s t i -  

' 1  - - -_  
RESULTS AND DISCUSSION 

The product d i s t r i b u t i o n  data (Table 1 )  shows b o t h  the  convers ion  and o i l  
y i e l d s  t o '  inc rease w i t h  r e a c t i o n  t ime.  
t ime, which i s  assoc ia ted  m a i n l y  w i t h  gas p r o d u c t i o n  as r e f l e c t e d  i n  t h e  v e r y  
h i g h  g a s / o i l  y i e l d  r a t i o .  
overwhelmingly carbon ox ides  w i t h  o n l y  a minor  p o r t i o n  o f  hydrocarbon gases. 
S i m i l a r  gas composi t ions a r e  observed a t  t h e  o t h e r  r e a c t i o n  t imes w i t h  o n l y  t h e  
a b s o l u t e  amounts o f  t h e  gases vary ing .  
y i e l d s  w i t h  r e a c t i o n  t ime. 
a l l  r e a c t i o n  t imes, t h e  hydrocarbon gases do n o t  become s i g n i f i c a n t  u n t i l  20 
minu tes  of r e a c t i o n  t ime.  P r i o r  t o  t h i s  t h e y  are  o n l y  i n  t r a c e  amounts. The 
zero t ime conversion suggests t h a t  c o n t a c t  o f  the  d r i e d  coal  w i t h  t h e  h o t  
s o l v e n t  f o r  o n l y  a few seconds i s  s u f f i c i e n t  t o  promote decarboxy la t ion ,  

S u r p r i s i n g l y ,  t h e r e  i s  convers ion  a t  zero  

Gas analyses however show i t s  compos i t ion  t o  be 

The general  t r e n d  i s  t o  i n c r e a s i n g  gas 
Al though C02 and CO dominate t h e  gas p r o d u c t i o n  a t  
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decarbony la t i on  and t o  a much l e s s e r  ex ten t  d e a l k y l a t i o n  reac t i ons .  
y i e l d  a t  zero t i m e  may p o s s i b l y  a r i s e  from t h e  e a s i l y  e x t r a c t a b l e ,  non -cova len t l y  
bonded m a t e r i a l  i n  t h e  coal  m a t r i x  a s  3.47% o f  t he  coa l  i s  s o l v e n t  e x t r a c t a b l e  
(14) .  Decomposit ion and d i s s o l u t i o n  o f  t he  coa l  s t r u c t u r e  i s  s i g n i f i c a n t  even 
a t  3 minutes w i t h  convers ions o f  g r e a t e r  than 20%. 

The data i n d i c a t e  the  ex i s tence  o f  t w o  d i s t i n c t  r e a c t i o n  t ime zones; t he  
f i r s t  be ing p r i o r  t o  10 minutes and t h e  second from t h i s  t ime. 
minutes o f  r e a c t i o n  t h e r e  i s  much g a s i f i c a t i o n  as d e f u n c t i o n a l i z a t i o n  reac t i ons  
of  t h e  coa l  m a t r i x  occur .  T h i s  i s  markedly  i l l u s t r a t e d  by bo th  the  gas y i e l d s  
and g a s / o i l  y i e l d  r a t i o s .  The amount o f  water p r o d u c t i o n  i s  r e l a t i v e l y  cons tan t  
i n d i c a t i n g  t h e  major  r e a c t i o n  processes a re  r u p t u r e  o f  t h e  weaker bonds i n  the  
coal s t r u c t u r e  r a t h e r  than dehydroxy la t i on  and upgrading o f  s o l u b i l i z e d  species.  
However, i n  t h e  second t ime  zone gas p roduc t i on  remains constant ,  w i t h  the  gas/ 
o i l  y i e l d  r a t i o  a c t u a l l y  decreas ing,  suggest ing t h a t  g a s i f i c a t i o n  i s  now ma in l y  
dependent on the  removal o f  a l k y l  s u b s t i t u e n t s  r a t h e r  than  carboxy l  and carbonyl  
f u n c t i o n a l  groups. These have been predominant ly  removed w i t h i n  the f i r s t  few 
minutes o f  r e a c t i o n .  The water  y i e l d  increases s i g n i f i c a n t l y  as does the H O/ 
o i l  y i e l d  r a t i o  i n d i c a t i n g  t h e  removal o f  hydroxy l  mo ie t i es .  These may a r i &  
e i t h e r  from d e h y d r o x y l a t i o n  o f  the coa l  m a t r i x  t o  a i d  i t s  d i s s o l u t i o n  o r  from 
the  upgrading o f  t he  a l ready  s o l u b i l i z e d  fragments. 

separate r e a c t i o n  pe r iods .  As expected, l i t t l e  hydrogen i s  consumed d u r i n g  t h e  
i n i t i a l  s tages o f  d i s s o l u t i o n ,  where the removal o f  carboxy l  and carbonyl  groups, 
v i a  g a s i f i c a t i o n ,  i s  dominant. This low hydrogen consumption may be a d i r e c t  
r e s u l t  o f  t he  coa l  u t i l i z i n g  i t s  i n h e r e n t  hydrogen by s h u t t l i n g  type mechanisms. 
Although consumption does increase w i t h  t ime,  i t  i s  much g rea te r  d u r i n g  the  
l a t t e r  r e a c t i o n  p e r i o d .  
produced by b o t h  cleavage and more v igo rous  d e f u n c t i o n a l i z a t i o n  o f  t h e  coal  
m a t r i x  . 
f o r  t h e  same coal  hydrogenated under convent ional  batch autoc lave c o n d i t i o n s  
(56% c f .  60%), a l though  t h e  o i l  y i e l d s  d i f f e r  markedly (25% c f .  46%). 
d i f f e r e n c e  i s  d i f f i c u l t  t o  r a t i o n a l i z e  and r e s u l t s  from t h e  much h ighe r  water 
and gas y i e l d s  f o r  t h e  SRT exper iment .  
are l ower  than those r e p o r t e d  f o r  L i d d e l l  coal  under s i m i l a r  c o n d i t i o n s .  The 
p a r a l l e l  between i n c r e a s i n g  water  p roduc t i on  and o i l  y i e l d  tends t o  g i v e  
credence t o  W h i t e h u r s t ' s  hypothes is  t h a t  the l ower  o i l  y i e l d s  a t  s h o r t  t imes f o r  
low rank coa ls  a r e  due t o  the  i n s o l u b i l i t y  o f  t he  v e r y  p o l a r  i n i t i a l l y  formed 
fragments. 

and decreas ing oxygen con ten ts  w i t h  i n c r e a s i n g  r e a c t i o n  t ime.  The removal o f  
heteroatom m o i e t i e s  i s  f u r t h e r  evidenced by t h e  O/C r a t i o s  which s i m i l a r l y  
decrease. The H/C r a t i o s  however decrease o n l y  s l i g h t l y  w i t h  t ime suggest ing 
t h e  d i f f i c u l t y  o f  d e a l k y l a t i o n  r e a c t i o n s  and hence t h e  r e l a t i v e  p rese rva t i on  o f  
hydrogen i n  t h e  res idues .  The s i m i l a r  H/C va lues f o r  t he  va r ious  r e a c t i o n  t imes 
i n d i c a t e  the res idues  a re  m a i n l y  the  r e s u l t  o f  l o s s  o f  p e r i p h e r a l  heteroatom 
f u n c t i o n a l i t i e s  and n o t  s u b j e c t  t o  gross s t r u c t u r a l  a l t e r a t i o n  such as forming 
polycondensed aromat ic  systems. I f  t h i s  were the case i t  would be r e f l e c t e d  i n  
a s i g n i f i c a n t  l o w e r i n g  o f  H /C  values w i t h  t ime.  The H/C r a t i o  f o r  t h e  zero t ime 
res idue  i s  l ower  than f o r  the parent  coal  con f i rm ing  the instantaneous 
g a s i f i c a t i o n  and e x t r a c t i o n  o f  non-bound m a t e r i a l .  The genera l  t rends  i n  the 
Tota l  O i l s  a r e  a l s o  decreas ing oxygen and inc reas ing  carbon con ten ts  w i t h  t ime. 
This  c o r r e l a t e s  w i t h  i n c r e a s i n g  H/C and decreas ing O / C  r a t i o s ,  showing a l o s s  
of  heteroatom f u n c t i o n a l i t y  and a l o w e r i n g  o f  the condensed n a t u r e  (16)  o f  the 
o i l s  w i t h  t ime.  Again the  da ta  can be d i v i d e d  i n t o  two reg ions  centered n n  l n  
minutes, as demonstrated by t h e  much l o w e r  H/C  and O / C  r a t i o s  a f t e r  t h i s  t ime 
compared t o  those p r i o r .  
l i q u e f a c t i o n  processes. 

t a t i v e l y  suppor t  t h e  forement ioned data.  
m a r g i n a l l y  i n  the f i r s t  few minutes o f  r e a c t i o n  b u t  more markedly a t  l onger  
t imes. 

The o i l  

I n  t h e  f i r s t  few 

Donor s o l v e n t  hydrogen consumption data a l s o  suppor ts  t h e  concept o f  two 

The hydrogen i s  r e q u i r e d  t o  s t a b i l i z e  r a d i c a l  species 

The convers ion va lue  f o r  120 minutes i s  v e r y  s i m i l a r  t o  t h a t  repo r ted  (15)  

This  

The Loy Yang convers ions and o i l  y i e l d s  

The e lementa l  analyses o f  t he  res idues  (Table 2 )  shows i n c r e a s i n g  carbon 

This  f u r t h e r  i m p l i e s  t h e  t ime  dependency o f  d i f f e r e n t  

The I R  Spect ra ( F i g .  1) o f  the res idues  bo th  q u a l i t a t i v e l y  and semiquant i -  
The hydroxy l  abso rp t i on  decreases o n l y  

S i m i l a r l y  t h e  carbonyl Th is  corresponds w i t h  t h e  observed water y i e l d s .  
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a b s o r p t i o n  decreases r a p i d l y  w i t h  t i m e  and c o r r e l a t e s  w i t h  the  p r o d u c t i o n  o f  
carbon oxides. 
between t h e  l o s s  o f  oxygen and t h e  f o r m a t i o n  o f  carbon d i o x i d e  and carbon 
monoxide. There i s  a l s o  p r o p o r t i o n a t e  inc reases  i n  aromat ic C=C s t r e t c h i n g  and 
C-H bending w i t h  t ime,  suggest ing  t h e  res idues  a r e  a c q u i r i n g  g r e a t e r  a romat ic  
c h a r a c t e r .  The p r o p o r t i o n  o f  a l i p h a t i c  C-H s t r e t c h i n g  and bending v i b r a t i o n s  
s l i g h t l y  increase w i t h  t ime p a r a l l e l i n g  t h e  l o s s  o f  heteroatom f u n c t i o n a l i t y .  
Th is  f u r t h e r  i l l u s t r a t e s  t h e  r e l a t i v e  i n e r t n e s s  o f  a l k y l  compared t o  heteroatom 
f u n c t i o n a l i t i e s ,  and 

t h e  hydroxy l  absorp t ions  a l though be ing  p r o p o r t i o n a t e l y  l a r g e r  (approx. 16%) 
v a r y i n g  l i t t l e  w i t h  t ime.  Th is  i m p l i e s  t h a t  t h e  forementioned increased water 
p r o d u c t i o n  i s  more l i k e l y  a r e s u l t  o f  c leavage and d i s s o l u t i o n  o f  t h e  m a t r i x  
r a t h e r  than upgrading o f  t h e  a l r e a d y  s o l u b i l i z e d  species.  There i s  a general  
decrease i n  the  carbonyl  absorp t ions  w i t h  t ime,  w h i l e  the  converse i s  observed 
f o r  t h e  a l i p h a t i c  C-H s t r e t c h i n g s .  The aromat ic  C-H bending, a l though a l a r g e  
percentage a t  2 minutes (approx.  15%) decreases r a p i d l y  t o  a cons tan t  v a l u e  
(approx. 8%)  from 4 minutes onwards. 
i n c r e a s i n g  aromat ic C=C and a l i p h a t i c  C-H s t r e t c h i n g s .  

r e a c t i v i t y  o f  t h e  coal  a t  SRT. The a r o m a t i c i t y ,  f ( a ) ,  increases d r a m a t i c a l l y  
a f t e r  o n l y  2 minutes r e a c t i o n  f rom 0.61 i n  t h e  p a r e n t  coa l  t o  0.78 i n  t h e  
res idue.  Even a t  zero t i m e  f ( a )  i s  0.63, r e f l e c t i n g  the  l o s s  o f  carboxy l  and 
carbonyl  groups as gases. The f ( a )  values inc rease o n l y  m a r g i n a l l y  f rom 0.78 
t o  0.83 w i t h  t ime,  s u p p o r t i n g  e a r l i e r  conc lus ions  from elemental  analyses t h a t  
a l l  the  residues have s i m i l a r  a romat ic  s t r u c t u r e ,  d i f f e r i n g  m a i n l y  i n  degree o f  
f u n c t i o n a l i t y .  

(Tab le  3 )  g ive  a d d i t i o n a l  i n f o r m a t i o n  on t h e  n a t u r e  o f  t h e  TO. The percentage 
o f  exchangeable protons [H(exch)] inc reases  w i t h  t ime,  showing an i n c r e a s i n g  
p r o p o r t i o n  o f  pheno l ic  groups i n  t h e  o i l s .  Th is  t r e n d  was not as  e v i d e n t  from 
I R  da ta .  The values f o r  H(exch) f u r t h e r  suggest two r e a c t i o n  t i m e  zones as 
they  c l u s t e r  i n t o  two d i s c r e t e  groups. Al though t h e r e  a r e  no d i s c e r n a b l e  t rends  
w i t h  the  percentage o f  a romat ic  p ro tons  (H ,.). t h e  percentage o f  pro tons  on  
carbons 6 and f u r t h e r  f rom aromat ic  r i n g s  THO)  tend t o  inc rease w i t h  t i m e .  Th is  
i s  a l s o  shown i n  t h e  values f o r  t h e  average c h a i n  l e n g t h  ( n ) .  The o i l  produced 
a t  zero t ime has bo th  t h e  g r e a t e s t  p r o p o r t i o n  o f  Ho and the  l a r g e s t  va lue  o f  n, 
suggest ing i t  i s  o n l y  t h e  s o l v e n t  e x t r a c t a b l e  m a t e r i a l  f rom t h e  c o a l .  S o l v e n t  
e x t r a c t s  o f  a V i c t o r i a n  brown coa l  o f  t h e  same l i t h o t y p e  have been observed t o  
c o n t a i n  a s i g n i f i c a n t  amount o f  s t r a i g h t  c h a i n  m a t e r i a l ,  e i t h e r  a s  a lkanes ,  
a l c o h o l s  o r  f a t t y  a c i d s  (17) .  
10 minutes and increases  t o  120 minutes;  i n d i c a t i n g  more complete decomposi t ion 
o f  t h e  coal  i n  t h i s  l o n g e r  t i m e  domain. 
f rom cleavage o f  a l i c y c l i c  systems. The a r o m a t i c i t y ,  f ( a ) ,  and degree o f  
a romat ic  s u b s t i t u t i o n ,  o, g e n e r a l l y  decrease w i th  i n c r e a s i n g  r e a c t i o n  t i m e .  The 
t r e n d s  f o r  the  parameter &Fi.e., t h e  degree o f  condensation, a re  n o t  as 
c l e a r l y  def ined, b u t  i t  appears t o  inc rease w i t h  t ime i m p l y i n g  smal le r  s i z e  
aromat ic  systems. The decrease i n  a r o m a t i c i t y  and s u b s t i t u t i o n  o f  t h e  o i l  
i m p l i e s  t h a t  e i t h e r  some upgrad ing  o f  t h e  i n i t i a l l y  s o l u b i l i z e d  m a t e r i a l  has 
occur red  o r  t h e  l a t e r  d i s s o l v e d  m a t e r i a l  was more d e f u n c t i o n a l i z e d  p r i o r  t o  
d i s s o l u t i o n .  

The Molecular Weights (MW) o f  t h e  T o t a l  O i l  (Table 3 )  a re  a l l  s i m i l a r  w i t h  
the  number average MW ( M n )  v a r y i n g  from 210-320 w i t h  no r e a d i l y  i d e n t i f i a b l e  
t r e n d  w i t h  t ime.  The values o f  M n  a re  low compared t o  t h a t  r e p o r t e d  f o r  an o i l  
produced from t h e  same coa l  under normal ba tch  au toc lave  c o n d i t i o n s  (Mn = 487). 
The weight average MW (Mi )  and MW d i s t r i b u t i o n  (MWD) a l s o  show no apparent  
t rends .  These observa t ions  a r e  most l i k e l y  a d i r e c t  consequence o f  t h e  
i n s o l u b i l i t y  o f  a l a r g e  p o r t i o n  o f  t h e  o i l s  i n  t h e  s o l v e n t ,  THF, used f o r  MW 
de terminat ion .  
O i l  have been s e l e c t i v e l y  d i s s o l v e d .  T h i s  i n s o l u b i l i t y  may be i t s e l f  i n d i c a t i v e  
o f  t h e  h i g h  MW o f  these Tota l  O i l s .  

pyrolysis-Gas Chromatography o f  t h e  res idues  ( F i g .  4 )  r e v e a l s  a m a j o r  

Whitehurst  ( 3 )  has observed f o r  l o w  rank coals a good c o r r e l a t i o n  

suppor ts  t h e  forement ioned gas composi t ion data.  
The trends a r e  n o t  a s  w e l l  d e f i n e d  f o r  t h e  T o t a l  O i l  (TO)  ( F i g .  2 ) ,  w i th  

T h i s  i s  g e n e r a l l y  a t  the  expense o f  

CP-MAS 1 3 C  nmr o f  t h e  res idues  ( F i g .  3 )  f u r t h e r  i l l u s t r a t e s  the  s i g n i f i c a n t  

'H  nmr and s t r u c t u r a l  parameters d e r i v e d  from Brown-Ladner equat ions  

The va lue  o f  n then decreases t o  a minimum a t  

The increased c h a i n  l e n g t h s  c o u l d  r e s u l t  

More l i k e l y  i t  i s  a combinat ion o f  bo th  processes. 

Hence o n l y  s m a l l e r  MW species f rom t h e  v e r y  heterogeneous Tota l  
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r e d u c t i o n  o f  a l i p h a t i c  components w i t h i n  t h e  f i r s t  4 minutes o f  r e a c t i o n ,  and 
w i t h  o n l y  a l k y l  pheno ls  and ca techo ls  remain ing  a f t e r  45 minutes.  
t h a t  t h e  more e a s i l y  a c c e s s i b l e  and removable a l i p h a t i c  m a t e r i a l  i s  e x t r a c t e d  
p r e f e r e n t i a l l y  f rom t h e  coa l  m a t r i x  i n  t h e  i n i t i a l  stages o f  d i s s o l u t i o n ,  w h i l e  
a t  longer  t imes t h e  coa l  s t r u c t u r e  i t s e l f  must be more s e v e r e l y  decomposed t o  
inc rease t h e  o i l  y i e l d .  T h i s  i s  a l s o  revea led  by t h e  decrease i n  t h e  percentage 
o f  r e s i d u e  pyro lysed.  The presence o f  pheno l ic  species i s  d i r e c t l y  r e l a t a b l e  t o  
t h e  l i g n i n  i n p u t  t o  t h e  brown coa l .  T h e i r  ex is tence i n  t h e  pyrograms o f  t h e  
res idues  from 20 and 45 minu tes  supports t h e  hypothes is  t h a t  f u r t h e r  o i l  p roduc t -  
i o n  r e s u l t s  from c r a c k i n g  o f  t h e  l i g n i n - t y p e  components o f  t h e  c o a l  macro- 
molecules. Pyrolysis-Gas Chromatograms o f  t h e  TOs, which are  i n  e f f e c t  s imulated 
d i s t i l l a t i o n  p r o f i l e s ,  a l l  appear v e r y  s i m i l a r .  They d i f f e r  q u a n t i t a t i v e l y  
r a t h e r  t h a n  q u a l i t a t i v e l y  i n  composi t ion.  

technique known a s  Deno Ox ida t ion  (18) .  
and leaves t h e  a l i p h a t i c  p o r t i o n  e s s e n t i a l l y  i n t a c t .  
t h a t  even a t  0 minu tes  t h e r e  i s  a marked r e d u c t i o n  i n  t h e  t o t a l  y i e l d  o f  
a l i p h a t i c  hydrogen (65.6% c f  54.3%) compared t o  t h e  parent  coal  f rom both  
ass ignab le  and unass ignab le  m a t e r i a l .  Overa l l  t h e r e  i s  a r e d u c t i o n  w i t h  t i m e  f o r  
b o t h  t h e  t o t a l  a l i p h a t i c  and t o t a l  spectrum hydrogen y i e l d s ,  suggest ing  t h e  
res idues  a r e  becoming more aromat ic i n  na ture .  A c e t i c  a c i d  ( d e r i v e d  from a r y l  
methyl  grou d v a r i e s  l i t t l e  w i t h  t ime suggest ing  l i t t l e  inc rease i n  d e a l k y l a t i o n  
r e a c t i o n s .  S u c c i n i c  a c i d  (der ived  from hydroaromat ic s t r u c t u r e s )  w e l l  i l l u s t r a t e s  
t h e  ex is tence o f  two r e a c t i o n  zones. I t  i s  much reduced i n  t h e  second due t o  
b o t h  a p o s s i b l e  i n t e r n a l  hydrogen donat ion  and a more severe r u p t u r e  o f  t h e  coal  
s t r u c t u r e .  S i m i l a r l y ,  ma lon ic  a c i d  ( d e r i v e d  from b r i d g i n g  methylene groups) i s  
a l s o  reduced i n  t h e  second p e r i o d  as a r e s u l t  o f  bond cleavages and probab ly  
accompanying f r a g m e n t a t i o n  o f  aromat ic c l u s t e r s .  The 1" and 2" p ro tons  decrease 
i n  accord w i t h  the  t o t a l  a l i p h a t i c  hydrogen, whereas the  3" p ro tons  v a r y  l i t t l e  
w i t h  t ime.  However, the  pro tons  on carbons a t o  carbony l  c o n t a i n i n g  f u n c t i o n a l  
groups decrease s i g n i f i c a n t l y  w i t h  t ime, p a r a l l e l l i n g  t h e  l o s s  o f  t h e  f u n c t i o n a l  
groups as carbon o x i d e s .  The da ta  support  e a r l i e r  conc lus ions  from o t h e r  
techniques. 

V i c t o r i a n  brown c o a l .  Al though o i l  y i e l d s  and convers ion  are  lower  than f o r  
bi tuminous coa ls  t h e y  show t r e n d s  s i m i l a r  t o  those r e p o r t e d  f o r  USA low rank 
coals.  
d i s t i n c t  phases. One p r i m a r i l y  i n v o l v e s  e x t r a c t i o n  o f  t h e  coa l  and removal o f  
carboxy l  and carbony l  groups w h i l e  t h e  o t h e r  i n v o l v e s  a more severe d i s r u p t i o n a n d  
decomposi t ion o f  t h e  coal  m a t r i x  and removal o f  hydroxy l  m o i e t i e s .  I n  bo th  
phases d e a l k y l a t i o n  i s  n o t  a dominant r e a c t i o n .  

Th is  i n d i c a t e s  

The res idues  were d e g r a d a t i v e l y  o x i d i z e d  by p e r o x y t r i f l u o r o a c e t i c  ac id ,  a 
It s e l e c t i v e l y  o x i d i z e s  aromat ic  r i n g s  

The data (Tab le  4 )  revea ls  

Th is  paper has r e p o r t e d  t h e  r e s u l t s  o f  a donor s o l v e n t  SRT s tudy  o f  a 

The d i s s o l u t i o n  process appears t o  occur i n  two c h e m i c a l l y  and p h y s i c a l l y  
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TABLE 1: PRODUCT DISTRIBUTION 

A R e ~ ~ ~ ~ o n  Convers ion  O i l  H?OA ResidueA GasA,B H2O/oi l  Gas /o i l  
f m i n l  % y i e l d  y i e l d  y i e l d  y i e l d  
\""I,, 

0 9.0 0.90 2.59 91.00 5.50 2.88 6.12 
2 12.61 5.12 2.04 87.39 5.45 0.40 1.06 
3 21.02 6.08 2.43 78.98 12.51 0.40 2.06 
4 27.53 7.63 2.89 72.47 17.01 0.38 2.23 
10 32.39 10.65 4.77 67.61 16.91 0.45 1.59 
20 39.91 18.08 7.17 60.09 14.66 0.40 0.81 
45 48.95 19.55 15.32 51.05 14.08 0.78 0.72 
120 56.28 25.92 15.96 43.72 14.40 0.62 0.56 

A - g/100 g DAF Coal B - By d i f f e r e n c e  

TABLE 2: ELEMENTAL ANALYSES 

C H OA N H /C  O / C A  N/C Ash T i  me 
(min) 

LY 1277 62.35 5.20 31.89 0.59 1.00 0.38 0.01 0.71 
Tota l  O i l s  

0 74.69 2.48 22.30 0.53 0.40 0.22 0.01 6.00 
2 76.43 3.50 19.74 0.33 0.55 0.19 0.00 0.90 
3 76.87 4.18 24.50 0.49 0.65 0.24 0.01 2.0 
4 68.30 3.77 27.50 0.40 0.66 0.30 0.01 1.0 
10 73.84 4.17 21!81 0.16 0.68 0.22 0.00 0.70 
20 84.55 5.96 9.14 0.35 0.85 0.08 0.00 0.40 
45 82.93 5.87 10.72 0.41 0.85 0.09 0.00 2.40 
120 86.98 6.23 6.20 0.50 0.86 0.05 0.00 0.40 

0 65.24 4.68 29.44 0.65 0.86 0.34 0.01 0.79 
2 67.28 4.62 27.39 0.71 0.82 0.31 0.01 0.12 
3 68.86 4.62 25.78 0.73 0.81 0.28 0.01 1.13 
4 69.35 4.62 25.29 0.74 0.80 0.27 0.01 1.06 
10 70.51 4.70 24.06 0.79 0.80 0.26 0.01 1.06 
20 72.16 4.70 22.37 0.83 0.78 0.23 0.01 1.06 
45 74.40 4.87 19.79 0.95 0.79 0.20 0.01 1.97 
120 75.71 5.03 18.23 1.01 0.79 0.18 0.01 ?.29 

Residues 

A - Oxygen by d i f f e r e n c e  

151 



o o l n m ~  d w m h c o  
N N N N N  

u r n - m m  h b w w m  
0 0 0 0 0  
. . . . .  

m m  ~ m m c o m  
5'?09?'9 
00000 

w m w o c o  
O I C U L D N d  

U N m N N  
. . . . .  

h d c o w m  

@ N d N N  

. . . . .  
t n o m w m  

O N m U O  
4 

rnmmmcomhrnm m m m m m m m m m  

'919;01'4-!?6. 
m b h r n t n m c o w h  w m u m l n t n u u m  

U O ~ N N N N ~ ~  . . . . . . . . .  
O d N N N m m N O  

?S?- !0?" .??  
@ N N N N N O @ O  

m P - ~ m o m h m o  
m u m a u u ~ m m  
. . . . . . . . .  

h h 

@ @ N U 2  1 f 
a > -I 

N O N ~ U O O L ~ O  

h 

152 



Low 2003 lob0 bw 

Wavenumber 1 cm-’1 
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Combined Upyradiny o f  Coal and Petroleum Residua 

C h r i s t i n e  W. C u r t i s ,  James A. Guin. M i l o  Pass, and Kan Joe Tsai  

Chemical Engineer ing,  Auburn U n i v e r s i t y ,  Alabama 36849-3501 

\ 

/ 

Th is  i n v e s t i g a t i o n  examines t h e  f e a s i b i l i t y  o f  us ing  heavy pe t ro leum crudes and 
r e s i d u a  as so lvents  i n  coal  l i q u e f a c t i o n .  The concept be ing  exp lo red  i s  t o  d e t e r -  
mine i f  coal  and heavy pe t ro leum crudes and res idua can be s imu l taneous ly  processed 
w i t h  mutual upgrading o f  bo th  mater ia ls .  
coworkersl-4 has examined t h e  l i q u e f a c t i o n  o f  coal  u s i n g  Athabasca o i l  sands 
bitumen, Lloydminster heavy o i l ,  Coker yas o i l  and Cold Lake bitumen. The e f f e c -  
t i v e n e s s  o f  these m a t e r i a l s  as hydrogen donor s o l v e n t s  and t h e i r  thermal s t a b i l i t y  
under l i q u e f a c t i o n  c o n d i t i o n s  was a l s o  examined. The e f f e c t s  o f  process parameters 
on t h e  produc t ion  o f  r e a c t i o n  products was a l s o  i n v e s t i g a t e d .  Other i n v e s t i y a t i o n s  
have been performed by Mochida and coworkers5 i n  which severa l  Coals were l i q u e f i e d  
i n  t h e  presence o f  a K h a f j i  vacuum residue. 
inc luded the  l i q u e f a c t i o n  o f  an A u s t r a l i a n  brown coal  i n  a prehydrogenated pe t ro leum 
p i t c h  and t h e  l i q u e f a c t i o n  o f  subbituminous coa ls  u s i n g  pyrene and var ious  Ashland 
p i t c h e s .  

Th is  study examines t h e  conversion o f  a bi tuminous coa l  t o  s o l u b l e  p roduc ts  through 
coprocessiny w i t h  s i x  heavy petroleum crudes and residua. These r e a c t i o n s  were 
performed thermal ly ,  i n  an i n e r t  and i n  a hydrogen atmosphere, and c a t a l y t i c a l l y  i n  
a hydroyen atmosphere. The petroleum m a t e r i a l s  used range f rom a whole crude t o  a 
v a r i e t y  o f  residua. Chemical and phys ica l  c h a r a c t e r i z a t i o n s  have been performed t o  
determine what f a c t o r s  a re  most i n f l u e n t i a l  i n  producing t h e  end product.  To 
determine t h e  s e n s i t i v i t y  o f  coprocessing t o  r e a c t i o n  c o n d i t i o n s  and t o  determine 
t h e  most op t ima l  parameters, an e v a l u a t i o n  o f  key r e a c t i o n  parameters has been 
performed. 

Previous work by Moschopedis and 

Other s t u d i e s  by Mochida6.7 have 

Exper imental  

Feedstock. S i x  petroleum crudes and residua, s u p p l i e d  by C i t i e s  Serv ice  Research 
and Development Company, have been examined f o r  p o t e n t i a l  use as s o l v e n t s  f o r  coa l  
l i q u e f a c t i o n  processing. 
The coa ls  used i n  t h i s  study are  a h i y h  v o l a t i l e  bi tuminous I l l i n o i s  #6 coal ,  a 
B l a c k s v i l l e  mine coa l  and a subbituminous coal ,  C l o v i s  P o i n t  f rom Wyoming. 

Screening Experiment. 
gen atmosphere and a hydroyen atmosphere. C a t a l y t i c  sc reen iny  exper iments w i t h  a 
hydrogen atmosphere were performed a t  4UU0 and 425OC. The equipment and r e a c t i o n  
c o n d i t i o n s  used i n  these experiments were: a 50 cc s t a i n l e s s  s t e e l  t u b i n g  bomb 
reac tor ,  r e a c t i o n  t i m e  o f  30 minutes, a y i t a t i o n  a t  8bU cpm, and a s o l v e n t  t o  c o a l  
r a t i o  o f  2 : l .  The r e a c t i o n  produc ts  were analyzed by a s o l v e n t  separa t ion  scheme i n  
which t h e  product i s  success ive ly  e x t r a c t e d  by pentane, benzene and methylene 
c h l o r i d e /  methanol. The l i q u i d  f r a c t i o n s  ob ta ined a r e  o i l  (pentane s o l u b l e s ) ,  as- 
phal tenes (benzene so lub le ,  pentane i n s o l u b l e s ) ,  and preasphal tenes (benzene i n s o l -  
ub le ,  methylene chlor ide/rnethanol  so lub les) ,  and i n s o l u b l e  o r y a n i c  mat te r .  The 
we iyh t  o f  gases produced was a l s o  determined. 

Parametr ic Evaluat ion.  
conversion a n d p r o d u c t  d i s t r i b u t i o n s  f rom combined process ing  were r e a c t i o n  temper- 
a tu re ,  i n i t i a l  hydrogen r e a c t i o n  pressure, r e a c t i o n  t i m e  and d i f f u s i o n a l  p a t h l e n y t h  
o f  the  c a t a l y s t .  
below: 

Ana lys is  o f  t h e  petroleum feeds tocks  are  g iven i n  Table 1. 

Screening experiments were performed a t  4U0°C us ing  a n i t r o -  

The r e a c t i o n  parameters eva lua ted  as t o  t h e i r  e f f e c t  on coal  

The r e a c t i o n  c o n d i t i o n s  f o r  these e v a l u a t i o n s  are  summarized 
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Reaction Condi t ions 

T i  me 
Tempe rat u r e  
Pressure 
A g i t a t i o n  Speed 
Coal 

Solvent 
Ca ta l ys t  

Temperature 

30 minutes 

1250 p s i g  HZ 
860 cpm 

3 y, I l l i n o i s  #6 o r  
3 y, B l a c k s v i l l e  
6 y. Maya Crude 

None 

---- 

Parameter 

Pressure 

30 minutes 
425OC ---- 
a60 cpm 

3 y, I l l i n o i s  #6 

6 y, Maya Crude 
1 y, P r e s u l f i d e d  

S h e l l  324 
NiMo/Al2u3 
powdered 

( f rom 1/32" 
ex t ruda tes )  

Time 

--- 
425'C 

1250 p s i y  
860 Cpm 

3 y, I l l i n o i s  #6 

6 y, Maya Crude 
3 c o n d i t i o n s  
were used: 

P r e s u l f i d e d  

NiMo/Al2O3 
1/16" ext rudates 

She l l  324 
NiMo/Al2O3 

( f r o m  1/16" 

a. None 

b. S h e l l  324 

c. P r e s u l f i d e d  

ex t ruda tes )  

The e f f e c t  o f  thermal and c a t a l y t i c  combined process iny on the r e a c t i o n  products  
from C lov i s  P o i n t  coal  was a l s o  evaluated. 

C h a r a c t e r i z a t i o n  o f  t h e  Petro leum Crudes and Residua. The pet ro leum crudes and 
res idua were c h a r a c t e r i z e d  by elemental ana lys i s ,  molecular  weight  by vapor phase 
osmometry i n  p y r i d i n e ,  v i s c o s i t y ,  Conradson Carbon, p ro ton  d i s t r i b u t i o n ,  and 
s p e c i f i c  g r a v i t y .  Table 1 presents  a composite o f  t h e  phys i ca l  and chemical 
c h a r a c t e r i s t i c s  o f  t h e  pet ro leum crudes and res idua.  

Resul ts  and D iscuss ion  

S i x  heavy pet ro leum crudes and res idua  have been used as so l ven ts  i n  a s e r i e s  o f  
coa l  l i q u e f a c t i o n  experiments t o  determine t h e i r  a b i l i t y  t o  l i q u e f y  coal .  
experiments were performed a t  4UOo and 425OC us ing  I l l i n o i s  #6 coal  and i n  th ree  
d i f f e r e n t  environments: 
H2 atmosphere u s i n g  a p e l l e t i z e d  p r e s u l f i d e d  NiMo/Al203 c a t a l y s t .  

Analyses o f  t h e  so l ven ts  us iny  a s o l u b i l i t y  e x t r a c t i o n  procedure developed f o r  coal 
m a t e r i a l s  showed t h a t  t he  pet ro leum crudes were between 4 0 %  t o  90% s o l u b l e  i n  
pentane and t h e  pentane i n s o l u b l e  m a t e r i a l s  were most ly  benzene so lub les ,  asphal- 
tenes.  The coal  de r i ved  so l ven t  CPUU-2UOA was -85% pentane s o l u b l e  w i t h  t h e  r e -  
mainder be ing asphal tenes.  The pet ro leum so lven ts  have hydrogen t o  carbon r a t i o s  o f  
-1.45 t o  1.65 and s u l f u r  contents  between 2.8% and 4.6%. 

The 

(1) a NE atmosphere, ( 2 )  a H2 atmosphere and ( 3 )  and 

L i q u e f a c t i o n  i n  a N i t r o y e n  Atmosphere. L i q u e f a c t i o n  experiments were performed i n  a 
hydrogen d e f i c i e n t ,  n i t r o y e n  atmosphere t o  determine how r e a d i l y  t h e  hydroyen-r ich 
pet ro leum so lven ts  cou ld  t r a n s f e r  hydrogen d i r e c t l y  t o  coal, thereby conver t i ng  coal 
t o  a so iuDie proauct .  Sne a b i i i t y  o f  t e t r a i i n  and coa i -de r i ved  CPDU-PUUA t o  conver t  
coal  was a l so  determined. 

Coal convers ion ob ta ined  us ing  t e t r a l i n  was 57.52, by CPDU-PUUA was 51.5%. and t h e  
most converted by a pe t ro leum crude was 36.0%. A t  40OoC, t h e  coa l  convers ion i n  the 
pet ro leum m a t e r i a l s  range from 28% t o  36%. These data i n d i c a t e  and t h e  proton 
d i s t r i b u t i o n  as determined p r o t o n  nuc lear  maynetic resonance (1HNMR) s u b s t a n t i a t e  
t h a t  the pet ro leum crudes and res idua  do no t  con ta in  hydrogen which can be e a s i l y  
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donated t o  coal. 
l i e  i n  the  a l k y l  6 and y reg ions.  I n  these experiments, t e t r a l i n ,  a known hydrogen 
donor, was t h e  only  so l ven t  t h a t  produced an i nc rease  i n  o i l s  above t h a t  present  i n  
t h e  o r i g i n a l  2 : l  so lven t / coa l  mix ture. .  I n  t h e  hydroyen d e f i c i e n t  atmosphere, donor 
hydroyen as present i n  hydroaromat ic  compounds, appears t o  be necessary f o r  both 
coal  Conversion and t h e  p roduc t i on  and maintenance o f  t he  o i l  f r a c t i o n .  S i m i l a r  
r e s u l t s  u s i n y  model hydroaromatic and a l i p h a t i c  so l ven ts  are present i n  t h e  
1 i t e r a t u r e  .8-9 

Compared t o  the o r i g i n a l  product  d i s t r i b u t i o n ,  t h e  r e a c t i o n  products  from t h e  
combined process ing l o s t  pentane so lub les.  A yeneral i nc rease  i n  t h e  asphal tene 
con ten t  o f  t he  product  l i q u i d s  was observed as compared w i t h  the o r i y i n a l  charye. 
I n  t h e  hydrogen d e f i c i e n t  environment, bo th  t h e  coal  and t h e  heavy pe t ro leum 
m a t e r i a l s  may undergo po lymer i za t i on  forminy c o k e - l i k e  m a t e r i a l  which appears as 
IOM. I n  a d d i t i o n ,  t h e  r e a c t i n y  coal  may inco rpo ra te  a s i g n i f i c a n t  p o r t i o n  of  t h e  
pet ro leum so lub le  m a t e r i a l  i n t o  t h e  coal  ma t r i x .  

I n  f a c t ,  t h e  m a j o r i t y  o f  t h e  protons i n  t h e  pet ro leum m a t e r i a l s  

-\ 
3 

N o n c a t a l y t i c  Experiments w i t h  a Hydroyen Atmosphere. 
p o s s i b l e  r e t r o y r e s s i v e  reac t i ons  o f  t he  pet ro leum m a t e r i a l s  and t h e  coal  assoc ia ted  
w i t h  the i n e r t  atmosphere, a hydrogen atmosphere was used. As w i t h  t h e  n i t r o g e n  
atmosphere, t e t r a l i n  conver ted t h e  most coal ,  y i e l d i n g  7 1 . 2 % ,  w h i l e  t h e  c o a l - d e r i v e d  
m a t e r i a l  CPDU-2OOA conver ted 56.8%. Compared t o  the  n i t r o y e n  atmosphere, 
s u b s t a n t i a l l y  more coal  was conver ted i n  the  hydrogen atmosphere w i t h  the  pet ro leum 
solvents .  The coal convers ion ranged from -43% t o  54% depending upon t h e  pet ro leum 
m a t e r i a l  used. The hydrogen atmosphere a l so  e i t h e r  mainta ined o r  i nc reased  the  o i l  
y i e l d  as compared t o  the  o r i y i n a l  charge. Three o f  t h e  l e s s  viscous l i g h t e r  
pet ro leum mate r ia l s ,  Maya Crude, West Texas TLR and Mayan TLR showed a p o s i t i v e  
i nc rease  i n  o i l ;  whereas, i n  n i t royen ,  each o f  these crudes showed a reduc t i on  i n  
o i l  con ten t  when compared t o  t h e  o r i g i n a l  so l ven t .  Kuwait res id ,  West Texas vacuum 
s h o r t  and West Texas TLR showed t h e  g rea tes t  o i l  p roduc t i on  improvement ( >  7%) when 
a hydrogen r a t h e r  than a n i t r o g e n  atmosphere was used. 

C a t a l y t i c  L i q u e f a c t i o n  Using a Hydrogen Atmosphere. The e f f e c t  o f  addiny a p resu l -  
f i d e d  NiMo/A1203 ex t ruda te  c a t a l y s t  on t h e  convers ion o f  coal  and on r e a c t i o n  
p roduc ts  has a lso been i n v e s t i y a t e d .  
425OC. For  a l l  t h e  so l ven ts  used, t h e  a d d i t i o n  o f  p r e s u l f i d e d  NiMo/AlzOg inc reased  
b o t h  o i l  p roduc t i on  and coal  conversion. I n  t h e  comp i la t i on  o f  data presented i n  
Table 2 ,  it i s  apparent t h a t  a t  4U0°C and 42S°C the  presence o f  t h e  NiMo/Alzu j  
hydroyenat ion c a t a l y s t  caused a s i y n i f i c a n t  improvement i n  t h e  o i l  y i e l d .  
improvement i s  observed i n  coal  conversion. I n  those cases where t h e  c a t a l y t i c  
r e a c t i o n s  were performed a t  both 4U0°C and 425OC, t h e  twen ty - f i ve  (25)  deyree r i s e  
i n  temperature seemed t o  be a secondary e f f e c t  on both coal  convers ion and o i l  y i e l d  
w i t h  the  poss ib le  excep t ion  o f  t h e  West Texas vacuum shor t  res id .  
vacuum shor t  res id ,  coal  convers ion seemed t o  be a f f e c t e d  by temperature bo th  i n  
c a t a l y t i c  and n o n c a t a l y t i c  reac t i ons  w i t h  hydroyen atmospheres. 
hydrogenat ion c a t a l y s t  can s i y n i f i c a n t l y  improve t h e  o i  1 p roduc t i on  and coa l  con- 
v e r s i o n  i n  combined process ing.  

To e l i m i n a t e  some o f  t h e  

1 

The reac t i ons  were performed a t  4UU°C and 

The same 

For  West Texas 

The a d d i t i o n  o f  a 

Chemical and Physica l  P roper t i es  o f  the Petroleum Crudes and Residua. Among t h e  s i x  
pet ro leum m a t e r i a l s  i n d i v i d u a l  d i f f e r e n c e s  a re  apparent i n  t h e i r  a b i l i t y  t o  conver t  
coa l  and produce pentane so lub le  ma te r ia l s .  A number o f  chemical and p h y s i c a l  
p r o p e r t i e s  o f  t h e  pet ro leum m a t e r i a l s  have been evaluated and are y iven i n  Table 1. 
A t y p i c a l  coal l i q u i d ,  CPDU-EOUA, i s  a l so  shown i n  Table 1 and has been used as a 
p o i n t  of comparison between the  coa l -de r i ved  and pet ro leum solvents .  

From these analyses, general comments can be made concerning the p r o p e r t i e s  of t h e  
pet ro leum solvents .  
compounds as evidenced by a l ack  o f  s o l u b i l i t y  o f  4 t o  -20% o f  t he  pet ro leum 
m a t e r i a l  i n  pentane and t h a t  much s o l u b i l i t y  i n  benzene. A l l  o f  t h e  pet ro leum 
s o l v e n t s  are hydrogen-r ich and h i g h  i n  s u l f u r  as compared t o  coa l -de r i ved  l i q u i d s .  

I 

Each pet ro leum crude and residuum conta ins l a r g e  aspha l ten i c  
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The t y p i c a l  hydroyen t o  carbon r a t i o  f o r  coa l -der ived  l i q u i d s  i s  l.U o r  l e s s ;  a l l  of 
t h e  pe t ro leum crudes and res idua used i n  t h i s  study have H/C r a t i o s  i n  t h e  range o f  
1.45 t o  1.65. The ash l e v e l s  i n  the  pe t ro leum crudes range from U.Ul2 w t  % f o r  West 
Texas vacuum shor t  r e s i d  t o  0.082 w t %  f o r  Mayan topper  l o n y  r e s i d .  Th is  low ash 
conten t  i s  i n s i y n i f i c a n t  i n  t h i s  work i n  terms o f  the  product d i s t r i b u t i o n  obtained 
a f t e r  coprocessing w i t h  coa l .  A l l  o f  t h e  petroleum so lvents  a re  h i g h l y  a l i p h a t i c ,  
hav iny  f a  va lues  between U.32 and 0.37. 
s o l v e n t s  show t h e  p r o t o n s  t o  be p r i m a r i l y  a l k y l  5 and y protons. Few hydroaromat ic 
p r o t o n s  are  present .  CPDU-ZOUA, by cont ras t ,  i s  q u i t e  aromat ic,  having a fa  value 
o f  0.71. A h i y h e r  percentage o f  c y c l i c  alpha protons are  present i n  t h e  CPDU-200A 
t h a n  i n  any o f  t h e  pe t ro leum m a t e r i a l s .  The aromat ic na ture  and t h e  presence o f  
some hydroaromat ics may account f o r  t h e  CPUU-2UUA's a b i l i t y  t o  conver t  more coal  
t h a n  do t h e  p e t r o l e u m  so lvents .  

i 

Proton d i s t r i b u t i o n s  o f  t h e  pe t ro leum 

Coal conversion i n  t h e  pe t ro leum so lvents  us ing  a hydrogen atmosphere a t  40U'C can 
be  c o r r e l a t e d  w i t h  t h e  v i s c o s i t y  o f  t h e  pe t ro leum m a t e r i a l  and w i t h  t h e  Conradson 
Carbon number. The h i g h l y  v iscous so lvents ,  Kuwait r e s i d  and West Texas vacuum 
s h o r t  r e s i d ,  g i v e  l e s s  coa l  conversion than do t h e  l e s s  v iscous pe t ro leum solvents.  
The petroleum s o l v e n t s  w i t h  lower Conradson Carbon numbers promote h i g h e r  coal  
conversion. A s i m i l a r  t r e n d  i s  observed w i t h  mo lecu la r  weight.  The pe t ro leum 
s o l v e n t s  w i t h  lower  mo lecu la r  weights,  L loydmins ter  reduced crude, West Texas TLR, 
Maya Crude and Mayan TLR, c o r r e l a t e  w i t h  inc reased coal  conversion. West Texas TLR 
wh ich  has t h e  lowest  Conradson Carbon and t h e  second lowest  mo lecu la r  we igh t  and 
v i s c o s i t y  g i v e s  t h e  h i g h e s t  coal  conversion o f  any o f  t h e  pe t ro leum s o l v e n t s  dur ing  
coprocessing. The a d d i t i o n  o f  a c a t a l y s t  changes t h e  order  o f  t h e  coal  conversion 
among t h e  s i x  pe t ro leum s o l v e n t s  and apparent ly  t h e  r e l a t i v e  importance o f  t h e  
s o l v e n t ' s  p r o p e r t i e s .  
s o l v e n t  p r o p e r t i e s  and coa l  conversion when a c a t a l y s t  i s  used. 

No obvious c o r r e l a t i o n s  e x i s t  between t h e  abovementioned 
/ 

Parametr ic E v a l u a t i o n .  The e f f e c t  o f  r e a c t i o n  c o n d i t i o n s  on combined coa l  and heavy 
r e s i d u a  process i  ny has been evaluated u s i n g  t h e  parameters o f  r e a c t i o n  temperature, 
i n i t i a l  hydroyen pressure,  r e a c t i o n  t i m e  and d i f f u s i o n a l  p a t h l e n y t h  o f  t h e  c a t a l y s t .  
F o r  these s t u d i e s ,  Maya Crude was used as t h e  so lvent .  Three coa ls  were used, 
I l l i n o i s  #6, B l a c k s v i l l e ,  and C l o v i s  Point ,  w i t h  I l l i n o i s  #6 coal  b e i n y  used f o r  t h e  
m a j o r i t y  o f  t h e  exper iments.  Solvent e x t r a c t i o n  o f  I l l i n o i s  #b a t  room temperature 
showed t h e  coa l  t o  be -90% i n s o l u b l e  a t  room temperature.  When reac ted  a t  425OC i n  
hydrogen i n  t h e  absence o f  a so lvent ,  -35% o f  I l l i n o i s  #6 cba l  was converted, 
p r i m a r i l y  t o  preasphal tenes. Under t h e  same cond i t ions ,  -46% o f  t h e  C l o v i s  Po in t  
was converted w i t h  a l l  s o l u b i l i t y  f r a c t i o n s  be ing  present.  The u p g r a d a b i l i t y  of t h e  
Maya Crude was a l s o  examined t o  determine i f  t h e  asphal tenes present  c o u l d  be 
upgraded t o  o i l .  A f t e r  thermal r e a c t i o n  t h e  Maya Crude d i d  n o t  change s u b s t a n t i v e l y  
a l t h o u y h  2.7% o f  t h e  produc t  was yas. 
c a t a l y t i c  hydrogenat ion  w i t h  a f u r t h e r  inc rease i n  gas produc t ion .  

E f f e c t  o f  Temperature on t h e  Product D i s t r i b u t i o n  from I l l i n o i s  #6 and B l a c k s v i l l e  
Coals. To determine the  e f f e c t  o f  r e a c t i o n  temperature on t h e  produc t  d i s t r i b u t i o n s  
f r o m  coprocessing, t h e  r e a c t i o n s  were performed a t  375O, 400°, 425O, 450' and 475OC. 
W i t h  i n c r e a s i n g  temperatures,  o i l  p roduc t ion  and h i g h e r  coal  convers ion  were 
observed f o r  bo th  c o a l s  up t o  a temperature o f  425OC where a maximun i n  o i l  y i e l d  
and a minimum of I O M  occurred. For bo th  coa ls ,  t h e  g r e a t e s t  coal  convers ion  was 
observed a t  425OC. A t  h i g h e r  temperatures, 450' - 475'C, h i y h e r  gas y i e l d s  and IOM 
yie lds  (!ok:c? coal convers ion)  a r e  observed f o r  'vutii coals .  Based on these data, a 
temperature o f  425OC was s e l e c t e d  f o r  combined processing. 

A 4% increase i n  o i l  was observed on 

\ 

. 
I 

E f f e c t  o f  I n i t i a l  Hydroyen Pressure on Coprocessiny. To determine t h e  s e n s i t i v i t y  
o f  combined p r o c e s s i n g  t o  i n i t i a l  hydroyen pressure,  t h e  i n i t i a l  hydrogen pressure 
was increased from U p s i g  t o  1500 psig.  A powdered She l l  324 NiMo/Al 03 was added 
t o  the  r e a c t i o n  m i x t u r e .  The products d i s t r i b u t i o n s  shown i n  F igure  f demonstrate 
t h e  need f o r  a hydroyen environment t o  conver t  coal  and s imu l taneous ly  t o  upgrade 
t h e  petroleum crudes. When no hydrogen i s  present,  o n l y  8.6% coal  convers ion  i s  
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observed. Compariny t h i s  conversion t o  t h a t  o f  t h e r m a l l y  reac ted  coa l  w i t h  no s o l -  
vent i n  a hydrogen atmosphere, t h e  hydroyen atmosphere inc reases  coa l  convers ion  by 
more than 20%. 
be underyoiny r e t r o y r e s s i v e  r e a c t i o n s  fo rminy  c o k e - l i k e  m a t e r i a l s  adding t o  t h e  IUM. 
A t  an i n i t i a l  hydrogen pressure o f  2SU ps ig,  t h e  pentane so lub les  produced were 
h i g h e r  than t h a t  i n  t h e  o r i g i n a l  m ix tu re ;  coa l  conversion was S2.5%, suyges t iny  t h a t  
even low l e v e l s  o f  hydrogen can be e f f e c t i v e  i n  reduc ing  t h e  number o f  r e t r o y r e s s i v e  
r e a c t i o n s  when s o l v e n t  and c a t a l y s t  a re  present t o  a i d  i n  the  t r a n s f e r  of hydroyen 
t o  Coal. A t  500 ps iy ,  the  coa l  convers ion  aya in  increased s i g n i f i c a n t l y  t o  78.7% 
w h i l e  t h e  pentane s o l u b l e  y i e l d s  inc reased t o  70.4%. As t h e  hydroyen pressure  was 
increased even f u r t h e r ,  coal  conversion cont inued t o  c l i m b  y i e l d i n g  86.9% a t  1500 
ps ly .  The o i l  produced a l s o  increased a t  1500 p s i y  t o  78.5%. Above SUO ps ig ,  t h e  
r a t e  of inc rease f o r  bo th  c o a l  convers ion  and pentane s o l u b l e  y i e l d s  was lower than 
between U and 500 ps iy .  

I n  a hydroyen d e f i c i e n t  atmosphere, t h e  pe t ro leum s o l v e n t  may a l s o  

E f f e c t  o f  Time and C a t a l y s t  D i f f u s i o n  Path length  on Product D i s t r i b u t i o n s  f rom t h e  
L i q u e f a c t i o n  o f  I l l i n o i s  #6 Coal. To determine t h e  e f f e c t  o f  t i m e  on combined 
processing, t h r e e  s e t s  o f  experiments were performed: (1 )  thermal  r e a c t i o n  w i t h  no 
c a t a l y s t  present,  (2) NiMo/A1203 p e l l e t i z e d  c a t a l y s t s ,  and (3)  NiMo/A1203 powdered 
c a t a l y s t s .  

A comparison o f  t h e  a b i l i t y  o f  Maya Crude t o  conver t  coal  under these t h r e e  
c o n d i t i o n s  i s  g iven  i n  F i g u r e  2. For a l l  t h r e e  cases, l o n g  r e a c t i o n  t ime,  90 
minutes,  inc reased coa l  convers ion  when compared t o  t h e  s h o r t e r  t i m e  exper iments.  
The use o f  powdered c a t a l y s t  inc reased t h e  amount o f  coal  convers ion  s u b s t a n t i a l l y  
compared t o  the  thermal and c a t a l y s t  p e l l e t  experiments. Th is  inc rease occur red  f o r  
a l l  r e a c t i o n  t imes. The coal  convers ion  i n  t h e  thermal and e x t r u d a t e  exper iments 
a r e  very  s i m i l a r  and are  about 20% l e s s  than t h e  powdered c a t a l y s t .  

Froin these experiments, i t  i s  apparent t h a t  t h e  l o n y e r  residence t i m e  t h e  coal  has 
i n  a hydrogen atmosphere t h e  more coal  w i l l  be converted. The use o f  d c a t a l y s t  
inc reases  the  a v a i l a b i l i t y  o f  t h e  hydrogen t o  t h e  coal  and increases  t h e  r a t e  o f  
coa l  d i s s o l u t i o n .  The use o f  a powdered c a t a l y s t  makes hydroyen more a v a i l a b l e  t o  
t h e  coa l  by p r o v i d i n y  contac t  between t h e  c a t a l y s t  p a r t i c l e s  and t h e  d i s s o l v i n y  coal  
mat r i x .  Th is  inc reased a v a i l a b i l i t y  i s  caused by decreasiny t h e  d i f f u s i o n a l  
p a t h l e n y t h  r e q u i r e d  f o r  t h e  coal  t o  t r a v e r s e  b e f o r e  cominy i n t o  c o n t a c t  w i t h  an 
a c t i v e  hydrogenat ion s i t e .  

Hydrogen consumption i n  t h e  thermal and i n  bo th  c a t a l y t i c  exper iments inc reased w i t h  
i n c r e a s i n g  t ime. 
more hydroyen than d i d  e i t h e r  t h e  experiments u s i n y  p e l l e t s  o r  no c a t a l y s t .  The hy- 
drogen consumption da ta  c o r r e l a t e  w i t h  t h e  y i e l d s  o f  pentane s o l u b l e s  produced under 
t h e  t h r e e  cond i t ions .  
exper iments than i n  t h e  e x t r u d a t e  exper iments which was more than t h e  thermal.  
d a t a  i s  presented i n  F i y u r e  3 which shows t h e  o i l  p roduc t ion  f rom t h e  t h r e e  cases as 
a percentage o f  t h e  upyradable m a t e r i a l  present i n  t h e  reac t ion ,  t h e  upgradable 
m a t e r i a l  be ing  d e f i n e d  as t h e  maf coal  and pe t ro leum asphal tenes present a t  t h e  
bey inn ing  o f  t h e  reac t ion .  The c a t a l y s t  o b v i o u s l y  a i d s  i n  o i l  p roduc t ion ,  w i t h  t h e  
powdered form y i e l d i n y  s i g n i f i c a n t l y  g r e a t e r  o i l  p r o d u c t i o n  than t h e  e x t r u d a t e  
p e l l e t s .  These data a re  a c l e a r  i n d i c a t i o n  o f  t h e  i n f l u e n c e  o f  pore  d i f f u s i o n a l  
r e s t r i c t i o n s  i n  l i m i t i n g  t h e  o i l  y i e l d  w i th  e x t r u d a t e  p e l l e t s .  

I l l i n o i s  #6 coal  was a l s o  l i q u e f i e d  i n  t e t r a l i n  w i t h  a powdered c a t a l y s t  f o r  30 
minutes.  The coal  conversion ob ta ined was 92.4% and t h e  o i l  p r o d u c t i o n  was 86.7%. 
Both t h e  coal  convers ion  and o i l  p r o d u c t i o n  are  h i y h e r  i n  t e t r a l i n  than i n  Maya 
Crude under e q u i v a l e n t  r e a c t i o n  c o n d i t i o n s .  The values ob ta ined from t h e  combined 
process iny  are  81.6% and 76.7%, r e s p e c t i v e l y .  Lonyer r e a c t i o n  t imes o f  90 minutes  
w i t h  Maya Crude produce h i g h e r  y i e l d s  of coa l  convers ion  and o i l ,  83.4% and 82.7%, 
r e s p e c t i v e l y .  

The coprocessiny exper iments u s i n g  t h e  powdered c a t a l y s t  consumed 

More pentane so lub les  were produced i n  t h e  powdered c a t a l y s t  
The 



The e f f e c t  o f  thermal  and c a t a l y t i c  combined process ing from C l o v i s  Po in t  coal  was 
a l so  evaluated.  The product  d i s t r i b u t i o n s  obta ined from 30 minutes o f  r e a c t i o n  are 
yiven i n  Table 4. The product  d i s t r i b u t i o n s  from C l o v i s  Point  coal  f r o m  the  th ree  
r e a c t i o n  c o n d i t i o n s  show s i m i l a r  t rends t o  those ob ta ined  f rom I l l i n o i s  #6 coal .  
O i l  p roduc t i on  and coa l  convers ion increased w i t h  c a t a l y t i c  t reatment ,  t h e  h i yhes t  
y i e l d s  be iny produced from t h e  powdered c a t a l y s t .  
coal  convers ion from C l o v i s  P o i n t  was s l i g h t l y  h i yhe r  than I l l i n o i s  #6 f o r  t h e  
thermal and p e l l e t i z e d  c a t a l y s t  case. O i l  p roduc t i on  from C l o v i s  Point  coal was 
c o n s i s t e n t l y  5 t o  6% h i y h e r  than I l l i n o i s  #6 coal .  

Summary and Conclus ions 

Petroleum crudes and res idua  and coal  have been coprocessed a t  t y p i c a l  l i q u e f a c t i o n  
cond i t i ons  i n  atmospheres o f  n i t r o g e n  and hydrogen and i n  t h e  presence o f  hydrogen 
and a c a t a l v s t .  A t  400'C coal  convers ion i n  a n i t r o u e n  atmosohere was low and a t  

For comparable r e a c t i o n  t imes, 

t h e  same level as t h e  thermal  coal  r e a c t i o n  w i t h  no ;olvent, i n d i c a t i n g  t h a t  no 
t r a n s f e r  o f  hydroyen from t h e  petroleum so lven ts  t o  t h e  coal occurred. Coal 
conversion i nc reased  i n  t h e  presence o f  hydrogen; f u r t h e r  increases i n  coal  
conversion were observed i n  t h e  presence o f  c a t a l y s t  a t  400'C and 425°C. 
dominant f a c t o r  o f  t h e  increased convers ion i n  t h e  m a j o r i t y  o f  t he  heavy petroleum 
m a t e r i a l s  was t h e  presence o f  t h e  c a t a l y s t  w i t h  the  25O temperature r i s e  be ing a 
secondary e f f e c t .  O i l  p roduc t i on  from combined process ing showed negat ive o r  l eve l  
y i e l d s  i n  t h e  N2 atmosphere, l e v e l  o r  s l i g h t l y  p o s i t i v e  y i e l d s  i n  the H2 atmosphere 
and f o r  most pet ro leum so lven ts  s i g n i f i c a n t  increases when a c a t a l y s t  and hydroyen 
were bo th  p resen t .  As i n  t h e  case o f  coal  conversion, the c a t a l y s t  appears t o  be 
t h e  dominant f a c t o r  i n  t h e  i nc rease  w i t h  temperature hav ing a secondary e f f e c t .  

The 

I n d i v i d u a l  d i f f e r e n c e s  amony the  petroleum so lven ts  a re  observed i n  t h e  product  
d i s t r i b u t i o n s  ob ta ined  from combined processing. Coal convers ion i n  t h e  ti2 
atmosphere appears t o  be c o r r e l a t e d  w i t h  v i s c o s i t y ,  molecular  weight and Conradson 
Carbon number o f  t h e  pet ro leum crude. These p a r t i c u l a r  so l ven t  c h a r a c t e r i s t i c s  do 
no t  seem as impor tan t  i n  coa l  convers ion when a c a t a l y s t  i s  present. 

The pa ramet r i c  e v a l u a t i o n  has shown t h a t  opt imal  c o n d i t i o n s  f o r  combined processiny 
are: 

Reac t ion  Temperature: 4 2 5 T  
Hydrogen Pressure: above 500 p s i g  i n i t i a l  hydrogen pressure 

0 Time: 90 minutes 
C a t a l y s t :  powdered hydrogenat ion c a t a l y s t  

Coal convers ion and o i l  p roduc t i on  from combined c a t a l y t i c  (powdered) process ing 
compare favo rab ly  w i t h  t h a t  from t e t r a l i n  w i t h  a powdered c a t a l y s t .  Comparison of 
t h e  f i n a l  o i l  y i e l d s  t o  t h e  i n i t i a l  charge shows t h a t  combined process ing y i e l d s  a 
ne t  o i l  i nc rease  o f  23.3% f o r  90 minute r e a c t i o n  w h i l e  t e t r a l i n  prov ides a ne t  o i l  
i nc rease  o f  17.7% f o r  30 minutes o f  reac t i on .  
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Table 4. Product D i s t r i b u t i o n  o f  C l o v i s  Po in t ,Coa l  Reacted i n  
Maya Crude Under Thermal and C a t a l y t l c  Cond i t ions  

~~~~~~ ~~ ~ 

Gas 5.7 5.7 

O i  1 68.4 75.0 

Asphal tenes 9.0 5.5 

Preasphal tenes  5.2 4.9 

I O M  11.7 8.9 

% Coal Conversion 62.3 71.6 

React ion Cond i t ions :  30 minutes, 1250 p s i g  i n i t i a l  
a g i t a t i o n  86U cpm, 425'C. 

4.9 

81.1 

5.1 

2.9 

6.0 

80.8 

H2 pressure,  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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Figure 1.. E f fec t  o f  I n i t i a l  Hydrogen Pressure  on Product 
D i s t r i b u t i o n s  from Combined Processing o f  
I l l i n o i s  16 and Maya Crude. 
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INTRODUCTION 

D u r i n g  the p a s t  decade c o a l  s c i e n t i s t s  and t e c h n o l o g i s t s  have become i n c r e a s i n g l y  
aware o f  t h e  p o t e n t i a l l y  dramat ic e f f e c t s  of  o x i d a t i o n  ("Weather ing")  on the  s t r u c -  
t u r e  and r e a c t i v i t y  o f  coa ls .  Present ly  known e f f e c t s  range from a u t o i g n i t i o n  i n  
mines [l] and p i l e s  [2], changes i n  e l e c t r o s t a t i c  charge, s l u r r y  pH and f l o t a b i l i t y  
[3]  o r  loss  o f  cak ing  p r o p e r t i e s  [4-71 and c a l o r i f i c  value [3,4] t o  decreased t a r  
[8,9] and v o l a t i l e  m a t t e r  y i e l d s ,  increased char  y i e l d s  [9,10] and a l t e r e d  char 
p r o p e r t i e s  [3,5,6]. 
i n  a recent  paper by Cox and Nelson [ll]. 

Because o f  a lack  o f  g e n e r a l l y  accepted and standardized procedures f o r  determining 
t h e  degree o f  weather ing  ( t h e  "weather ing index" )  o f  a g i v e n  coal sample, most data 

An e x c e l l e n t  overview of  coal  weather ing e f f e c t s  can be found 

on s t r u c t u r e  and r e a c t i v i t y  repor ted  i n  the l i t e r a t u r e  thus f a r  were o b t a i n e d o n  
c o a l  samples o f  u n c e r t a i n  weather ing s t a t u s  and should t h e r e f o r e  be i n t e r p r e t e d  
w i t h  g rea t  cau t ion .  

U n f o r t u n a t e l y ,  t h i s  s i t u a t i o n  i s  compounded by the  d i f f i c u l t y  o f  o b t a i n i n g  "non- 
weathered" c o a l  samples f o r  s t r u c t u r e  and r e a c t i v i t y  t e s t s  s ince  even re fe rence 
samples a v a i l a b l e  f rom c o a l  sample banks have sometimes been found t o  e x h i b i t  s igns 
o f  weather ing.  I n  t h e  near f u t u r e  a new c o l l e c t i o n  o f  standard coal  samples, t h e  
Premium Coal Sample Program c u r r e n t l y  underway a t  Argonne Nat iona l  Labora tory  under 
t h e  most s t r i n g e n t  anaerob ic  c o l l e c t i o n ,  p r e p a r a t i o n  and storage c o n d i t i o n s  [12], 
may help s o l v e  the  a v a i l a b i l i t y  problem. 
p o r t e d  here h igh  v o l a t i l e  B bituminous coal  samples ob ta ined d i r e c t l y  f rom f r e s h l y  
exposed seam fac ies  i n  t h e  Wasatch Plateau f i e l d  (Hiawatha and B l i n d  Canyon seams, 
Emery County, Utah) were used. 

The present study was prompted by the  d iscovery  o f  F S I  values as h i g h  as 4.0 i n  
c o a l s  obtained d i r e c t l y  f rom f r e s h  mine c u t s  i n  t h e  Hiawatha and B l i n d  Canyon seams 
C41. U n t i l  then, coa ls  f rom these seams were g e n e r a l l y  considered t o  be noncaking. 
S ince  F S I  values > 2.0 c o u l d  i n t e r f e r e  w i t h  p y r o l y t i c  conversion schemes under 
c o n s i d e r a t i o n  by U t a h  Power and L i g h t  Company [13], a systemat ic study o f  t h e  i n f l u -  
ence of weather ing on t h e  r e a c t i v i t y  and s t r u c t u r e  o f  se lec ted  Wasatch Plateau coa ls  
was undertaken. 

I n  the  coa l  weather ing experiments r e -  

EXPERIMENTAL 

Several  hundred pounds o f  samples were ob ta ined from t h e  top ,  m i d d l e  and bottom o f  
f r e s h l y  exposed c r o s s  s e c t i o n s  o f  the  Hiawatha and B l i n d  Canyon seams and immersed 
i n  water u n t i l  be ing  crushed and m i l l e d  t o  < 60 mesh i n  a n i t r o g e n  atmosphere. A l l  
sample s to rage took p l a c e  under n i t r o g e n  i n  h e r m e t i c a l l y  c losed g lass  b o t t l e s  a t  
-2OOC i n  t h e  dark.  
< 60 mesh coa l  were exposed t o  d i f f e r e n t  temperatures and atmospheric c o n d i t i o n s  
(N2 o r  a i r ;  d r y  o r  H20 s a t u r a t e d )  f o r  per iods  up t o  several  weeks o r  months us ing  a 
s p e c i a l l y  cons t ruc ted  bench sca le  weather ing system [41. 

I n  t h e  l a b o r a t o r y  weather ing experiments, 10-15 g a l i q u o t s  of  
'L 
I 

I 
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FSI determinat ions  were performed according t o  ASTM Standard 0-720-67, whereas 
standard ASTM proximate ana lys is ,  c a l o r i f i c  va lue  and t o t a l  s u l f u r  de termina t ions  
were c a r r i e d  ou t  by Standard Labora tor ies  (Hunt ington, Utah).  
performed w i t h  a M e t t l e r  I thermal ana lyzer  under the  f o l l o w i n g  c o n d i t i o n s :  ( i n i -  
t i a l  p y r o l y s i s  r u n )  sample weight approx. 10 mg, n i t r o g e n  f l o w  100 ml/min,  heat ing  
r a t e  15"C/min, end temperature 790°C, (subsequent char  combustion run; a f t e r  c o o l i n g  
down) a i r  f low 100 ml/min, heat ing  r a t e  15"C/min, end temperature 990°C. 

C u r i e - p o i n t  p y r o l y s i s  mass spectrometry was performed w i t h  an Ex t ranuc lear  5000-1 
ins t rument  under t h e  f o l l o w i n g  c o n d i t i o n s :  sample we igh t  20 pg (depos i ted  from a 
f i n e  suspension i n  MeOH), heat ing  r a t e  approx. lOO"C/s, end temperature 610°C, t o t a l  
h e a t i n g  t ime 10 s, e l e c t r o n  energy 12 eV, mass range scanned m/z 20-260, t o t a l  
number o f  spectra summed 150, t o t a l  scanning t ime 30 s. 
i n v o l v e d  normal iza t ion  o f  s i g n a l  i n t e n s i t i e s  by means of the  NORMA program [141 
fo l lowed by f a c t o r  a n a l y s i s ,  d i s c r i m i n a n t  a n a l y s i s  and canonical  v a r i a t e  a n a l y s i s  
u s i n g  the  SPSS program package [15]. 

TG/DTG analyses were 

Computerized da ta  a n a l y s i s  

RESULTS AND DISCUSSION 

The FSI was found t o  be a h i g h l y  s e n s i t i v e  i n d i c a t o r  o f  the  weather ing s t a t u s  o f  
these coa ls  w i t h  a s l i g h t ,  bu t  measurable d i o p  i n  FSI va lue  o c c u r r i n g  o v e r n i g h t  upon 
exposure of f resh coa ls  t o  a i r  a t  room temperature. T y p i c a l  FSI weather ing  p r o f i l e s  
a r e  shown i n  F igure  1. Since coa l  weather ing i s  o f t e n  accompanied by complex we igh t  
changes due t o  t h e  i n t e r p l a y  o f  f l u c t u a t i o n s  i n  mo is tu re  conten t  and o x i d a t i v e  
phenomena, a s e r i e s  of weather ing experiments was c a r r i e d  o u t  w h i l e  c a r e f u l l y  moni- 
t o r i n g  changes i n  sample weight,  as shown i n  F igure  2. Weight c o r r e c t e d  weather ing 
t rends  of several  convent ional  parameters are i l l u s t r a t e d  i n  F igure  3a and Table I 
showing how mis lead ing  r e s u l t s  a re  ob ta ined i f  the  o r i g i n a l  weight o f  the  non- 
weathered sample i s  unknown (as i s  u s u a l l y  the  case).  
cor rec ted  change i n  c a l o r i f i c  va lue  i s  -1.1% a f t e r  96 hours a t  80°C i n  a i r  and -2.1% 
a t  100°C i n  a i r .  

Much more i n f o r m a t i v e  about changes i n  r e a c t i v i t y  and s t r u c t u r e  a r e  t h e  Thermogravi- 
met ry  (TG) and D e r i v a t i v e  Thermogravimetry (OTG) da ta  i n  Figures 4 and 5 and, i n  
p a r t i c u l a r ,  the P y r o l y s i s  Mass Spectrometry (Py-MS) data i n  Figures 6, 7, 8 and 9. 
The TG/DTG p y r o l y s i s  data i n  F igures  4a and 5a would seem t o  support  a weather ing  
mechanism dominated by the  fo rmat ion  o f  c r o s s l i n k s  between coal  molecules, thereby  
causing a widening o f  t h e  temperature range o f  the  p y r o l y s i s  process and a decrease 
i n  t h e  maximum p y r o l y s i s  r a t e  accompanied by increased char  y i e l d s  w h i l e  having 
l i t t l e  o r  no i n f l u e n c e  t h e  maximum r a t e  temperature (-450°C). 
char  combustion runs i n  F igures  4b and 5b i n d i c a t e  a s i m i l a r  k i n e t i c  t r e n d  (de- 
creased r e a c t i o n  r a t e  and increased temperature range) b u t  are l e s s  d e f i n i t i v e  due 
t o  a lower l e v e l  of r e p r o d u c i b i l i t y  than i n  the  p y r o l y s i s  runs. 

I n s p e c t i o n  o f  the  p y r o l y s i s  mass spec t ra  i n  F igure  6 shows the s t r u c t u r a l  e f f e c t s  o f  
weather ing t o  be dominated by a decreased y i e l d  o f  pheno l ic  and naphtha len ic  moie- 
t i e s  and a r e l a t i v e  inc rease i n  the  y i e l d  o f  a l i p h a t i c  c a r b o x y l i c  and c a r b o n y l i c  
m o i e t i e s ,  as f u r t h e r  i l l u s t r a t e d  by the s c a t t e r  p l o t s  o f  se lec ted  peak i n t e n s i t i e s  
i n  F igure  7. 
c a l  e f f e c t s  o f  coa l  weather ing,  according t o  which the  process i s  c h a r a c t e r i z e d  by 
the fo rmat ion  o f  e t h e r  b r idges  between aromat ic n u c l e i  w i t h  concur ren t  r e d u c t i o n  i n  
f r e e  pheno l ic  hydroxy l  groups [16], and by the  o x i d a t i o n  o f  a l i p h a t i c  mo ie t ies  t o  
c a r b o n y l i c  and c a r b o x y l i c  f u n c t i o n a l  groups [17]. A more d e t a i l e d  p i c t u r e  o f  t h e  
complex changes i n  t h e  p y r o l y s i s  mass spec t ra  can be obtained by means o f  m u l t i -  
v a r i a t e  ana lys is  techniques such as d i s c r i m i n a n t  a n a l y s i s ,  as i l l u s t r a t e d  i n  F i g u r e  
8. The a p p l i c a t i o n  o f  these techniques t o  t h e  e v a l u a t i o n  o f  p y r o l y s i s  mass spec t ra  
of coa l  has been descr ibed elsewhere [14,18,19]. The d i s c r i m i n a n t  a n a l y s i s  r e s u l t s  
i n  F i g u r e  8 show t h a t :  ( a )  the  f i r s t  d i s c r i m i n a n t  f u n c t i o n  e x h i b i t s  no d e t e c t a b l e  
changes i n  the coa l  spec t ra  upon weather ing" a t  80°C i n  a n i t r o g e n  atmosphere, ( b )  

Note t h a t  t h e  we igh t  

The r e s u l t s  o f  t h e  

These f i n d i n g s  are  i n  e x c e l l e n t  agreement w i t h  c u r r e n t  views on chemi- 
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weathering e f f e c t s  a t  80°C and 100°C in  a i r  show s t rong  quan t i t a t ive  d i f fe rences ,  
( c )  several  o the r  s e r i e s  of aromatic, hydroaromatic and hydroxyaromatic compounds 
appear t o  decrease besides phenols and naphthalenes, and (d)  the changes i n  a l i -  
pha t ic  moieties a r e  much more complex than the simple formation of carbonylic and 
carboxylic groups, Examination of the  second discriminant function (not shown) 
confirmed the absence o f  de tec t ab le  changes a t  80°C i n  N2 b u t  revealed the  presence 
of s l i g h t  b u t  s i g n i f i c a n t  q u a l i t a t i v e  d i f fe rences  between the 80°C and 100°C 
weathering t rends ,  apparently ref1 ec t i  ng  t r ans i en t  chemical phenomena (peroxide 
formation?) during the weathering process. 

A1 though, a t  f i r s t  s i g h t ,  t he  "c l a s s i ca l "  coal weathering concept of c ross l ink ing  
through e the r  bridge formation between macromolecular chains appears t o  f i t  our ob- 
se rva t ions  q u i t e  we l l ,  modern views of v i t r i n i t e  a s  a binary system cons is t ing  of a 
"mobile" phase and a macromolecular "network" phase necess i t a t e  a rethinking of the  
c ross l ink ing  concept. The binary phase model, recent ly  sumar ized  by Given [20], 
assumes t h a t  up t o  50% o r  so of t he  bulk of the  coal sample cons i s t s  of r e l a t ive ly  
smal l ,  mobile molecules trapped i n  cages formed by a macromolecular network which 
makes u p  the remainder of t he  bulk. Direct evidence f o r  the presence of a trapped 
mobile phase can be obtained by Time-resolved Py-MS, as  shown in Figure 9. Approx- 
imately 50% of the Cz-alkylnaphthalene signal i n  Figure 9 is recorded well below 
typica l  pyro lys i s  temperatures f o r  covalent bonds but f a r  above t h e  expected vacuum 
d i s t i l l a t i o n  poin t  f o r  these  compounds. 
binary phase system i s  presented i n  Figure 10 ,  demonstrating t h a t ,  i n  p r inc ip l e ,  
th ree  p o s s i b i l i t i e s  f o r  intermolecular bond formation e x i s t  i n  such a system: (1 )  
"crosslinking" between network chains,  ( 2 )  "condensation" between mobile phase 
cons t i t uen t s ,  and (3 )  "graf t ing"  of mobile phase cons t i tuents  onto the  network 
chai ns . 
To obtain a b e t t e r  i n s i g h t  i n t o  the  behavior of the  two phases, f r e sh  and a r t i f i -  
c i a l l y  weathered (212 hrs a t  100°C in a i r )  Hiawatha coal samples were submitted t o  
vacuum d i s t i l l a t i o n  (30 hrs a t  180°C and 10-3 Tor r ) ,  pyridine ex t r ac t ion  (24 hrs i n  
Soxhlet e x t r a c t o r ) ,  sho r t  contac t  time (SCT) pyrolysis i n  a tubing bomb reac tor  
(2.5 g coal i n  5.0 g benzene, heating r a t e  20"C/s, end temperature 42OoC, t o t a l  
heating time 40 s ,  Hz pressure  1,000 psi i n i t i a l  t o  1,700 psi f i n a l )  and d i r e c t  
Curie-point Py-MS (1.5 X 10-5 g coal i n  vacuo, heating r a t e  lOO"C/s, end temperature 
610"C, t o t a l  heating time 10 s ) .  Subsequently, the  d i s t i l l a t e s ,  ex t r ac t s  o r  pyroly- 
za t e s ,  a s  well a s  the res idues  were analyzed by Py-MS. Preliminary r e s u l t s  a r e  
shown i n  Table I 1  and i l l u s t r a t e  the dramatic e f f e c t  of weathering on vacuum d i s -  
t i l l a t i o n  y i e l d s ,  pyr id ine  ex t rac t ion  y i e lds  and SCT tubing bomb reac tor  ( T B R )  
pyrolysis y i e lds .  The y i e ld  of the  small vacuum d i s t i l l a t e  f r ac t ion  (4%, dominated 
by alkylnaphthalenes;  see Figure l l a ) ,  shows a four fo ld  decrease upon weathering. 
The much l a r g e r  pyr id ine-ext rac tab le  f r ac t ion  (22%, a l so  dominated by a lkyl -  
naphthalenes but containing s ign i f i can t  cont r ibu t ions  from other  aromatic moieties;  
see Figure l l b )  decreases by a f a c t o r  of f i v e  t o  s ix  a f t e r  weathering. 

Hydroxyaromatics ( e .g . ,  phenols, dihydroxybenzenes), which a re  among the  most 
abundant homologous ion series i n  pyro lys i s  mass spec t ra  of f r e sh  whole coals (see 
Figure l l d )  a r e  near ly  absent i n  the  vacuum d i s t i l l a t e  (Figure l l a )  and r e l a t ive ly  
low in the  pyr id ine  e x t r a c t  (Figure l l b )  but make a more prominent appearance among 
the  SCT-TBR products shown i n  Figure l l c .  
p a r t i a l l y  produced through pyro ly t ic  bond sc i s s ions  and thus may represent  the net- 
work phase. Adaitionai support  f o r  ibis ioiiteiiii;n i: prnlvided by t h e  much smaller 
reduction f a c t o r  (2X) f o r  t h e  SCT-TBR y i e lds  from weathered coa l .  

A specula t ive  i n t e r p r e t a t i o n  of these findings m i g h t  envisage a mobile phase repre- 
senting 20-30% of t h e  bulk of t he  f resh  Hiawatha coal and undergoing a 4-6 fo ld  
reduction under the above weathering conditions.  Presumably, t h i s  reduction i s  due 
t o  the formation of s t rong  (d i a ry l e the r? )  bonds with hydroxyaromatic moieties i n  the 
network phase ( "g ra f t ing" ;  see Figure 10).  

A crude attempt t o  v i sua l i ze  the  proposed 

Probably these  hydroxyaromatics a re  

On t h i s  view, SCT pyro lys is  r e s u l t s  i n  
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p a r t i a l  degradat ion of  t h e  network i n t o  hydroxyaromatic compounds and o t h e r  sma l l ,  
mob i l e  molecules. However, t he  p y r o l y s i s  cond i t i ons  used appear t o  l eave  most o f  
t he  new bonds formed i n  t h e  weathering process i n t a c t ,  thus r e s u l t i n g  i n  a marked 
decrease i n  o v e r a l l  p y r o l y s i s  y i e l d s  f rom weathered coa ls .  

V i sua l  comparison o f  the  f o u r  MS pa t te rns  i n  F igu re  11 revea ls  an obvious t r e n d  t o -  
wards i nc reas ing  complex i ty  f rom the  vacuum d i s t i l l a t e  (F igu re  l l a )  t o  t h e  Cur ie -  
p o i n t  py ro l yza te  (F igu re  l l d ) .  For t h e  f i r s t  t h ree  f r a c t i o n s  t h i s  t rend  corresponds 
d i r e c t l y  w i t h  i nc reas ing  y i e l d s  ( f rom 4% f o r  t h e  vacuum d i s t i l l a t e  t o  38% f o r  t h e  
T8R py ro l yza te )  and, i f  ext rapolated,  would i n d i c a t e  a y i e l d  o f  between 40-50% f o r  
t he  Cur ie -po in t  pyro lyzate,  which i s  i n  good agreement w i t h  prev ious est imates f o r  
hvb Utah coals  [18]. 

A t  t he  same t ime, these observat ions h i g h l i g h t  t he  f a c t  t h a t  under SCT p y r o l y s i s  
cond i t i ons  some 50% o f  t h e  (m.a.f.) coa l  forms a char.  Th i s  char, which i s  d i f f i -  
c u l t  t o  analyze by most techniques c u r r e n t l y  a v a i l a b l e ,  m igh t  i n c o r p o r a t e  as much as 
2/3 of  the network phase. Th is  leads t o  the  ques t i on  whether t h e  p y r o l y s i s  products  
obta ined f rom the  network phase are rep resen ta t i ve  f o r  t h e  o v e r a l l  chemical s t r u c -  
t u r e  o f  the network. 
coa l ,  Given [20] concludes t h a t  i n  s p i t e  o f  a l l  a v a i l a b l e  data f rom s o p h i s t i c a t e d  
a n a l y t i c a l  methods, i n c l u d i n g  FTIR and 13C NMR, the  chemical na tu re  o f  t h e  network 
phase remains p r e t t y  much a mystery. 

I f the  b ina ry  phase concept i s  v a l i d  indeed, much e f f o r t  w i l l  have t o  be devoted t o  
the  e l u c i d a t i o n  o f  key s t r u c t u r a l  f ea tu res  o f  t he  macromolecular network i f  a more 
comprehensive p i c t u r e  o f  t h e  e f f e c t s  o f  weather ing on the  s t r u c t u r e  and r e a c t i v i t y  
o f  coals  i s  t o  be obta ined w i t h i n  the  foreseeable f u t u r e .  
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C a l o r i f i c  Value Fresh 80°C i n  ~ 2 ;  A* 
(BTU) 120 hours I (%)  

- as received 12028 12556 1+4.4 
- d r y  12457 12575 1+0.9 
- weight corrected 12028 12003 ,-0.2 

I 

8OoC i n  a i r :  A* IOOOC i n  a i r 1  A* 
96 hours I (%)  96 hours I (%) 

12299 1+2.3 12063 1+0.3 
12318 '-1.1 12078 '-3.0 
11893 1-1.1 11773 1-2.1 

I I 

TABLE I1  

WEATHERING EFFECTS ON HIAWATHA COAL PROCESS YIELDS 

Process 

Vacuum D i s t i l l a t i o n  
Py r id ine  E x t r a c t i o n  
SCT-TBR P y r o l y s i s  

% Y i e l d  

Fresh Coal Weathered Coal 

4 1* 
22 4 
38 17 

W W 
a 

:-  

F igure 1. E f f e c t  o f  
weathering a t  5OoC i n  
a i r  on FSI o f  coal 
samples from one B l i n d  
Canyon and two Hiawatha 
seam mines. 

\ 
\ 
b 

O b i  i i i j ' ' ' ' ID ' . ' . IS ' 
WEATHERING TIME (DAY) 
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Figure 2.  Effect of weathering 
on weight of Hiawatha seam coal .  
Note usefulness of control 
samples in  N2 f o r  d i s t inguish ing  
e f f e c t s  of moisture l o s s  (-4.4%) 
from e f f e c t s  of ox ida t ive  weight 
gain.  Error bars represent  
range o f  values f o r  t h ree  inde- 
pendently weathered a l i q u o t s .  

EEZY 80% in N2 -80% in air I IOOOC in air 

fixed 
carbon matter carbon 

Figure 3 .  Effect of weathering on proximate ana lys i s  of Hiawatha coa l .  
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Figure 6. 
samples. 

( 8 O O C  in N2) and obvious changes in spec t ra  c )  ( 8 O O C  in  a i r )  and d)(lOO°C i n  a i r ) .  
Overall weathering e f f e c t s  appear t o  be: decreased aromatic s e r i e s ;  increased 
carbonylic (CnH2nO) and carboxylic (CnH2n02) s e r i e s ;  decreased H S peak (m/z 34) ;  
increased C02 (m/z 44) and SO2 (m/z 64) peaks; increased MeOH so?vent r e t en t ion  
(m/z 23);  a l t e r ed  d i s t r i b u t i o n  of a l i p h a t i c  hydrocarbon s e r i e s .  
fragment ion peak a t  m/z 149 may be due t o  contamination. 

Curie-point pyro lys i s  mass spec t ra  of f r e sh  and weathered Hiawatha coal 
Note h i g h  degree of s i m i l a r i t y  between spec t ra  a )  ( f resh coa l )  and b) 

The phtha la te  
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Figure 9. 
alkylnaphthalenes),  m/z 158 ( e .g . ,  methylnapthol and/or C2-alkyl dihydro- 
naphthalenes) and  m/z 160 (e .g . ,  C2-alkyl t e t r a l i n s )  during Curie-point pyrolysis 
of a 20 pg sample from a hvb  Wasatch Plateau coal .  Note bimodal charac te r  of the 
signal a t  m/z 156. 

Time-resolved recording of the mass peaks a t  m/z 156 (mainly C2- 

1 - CROSSLINKING 
2 - CONDENSATION 
3- GRAFTING 

Figure 10. Highly schematized representa t ion  of a l l  th ree  poss ib le  types of 
weathering-induced bridge formations in a binary phase (mobile phase/network 
phase) coal model. 
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I '  
\ 

B) P Y R I N  EXTRACT 

I- 
L C) TBR WRClYZAlE 

40 €0 80 DO 120 140 160 180 200 220 240 260 
mR 

F i g u r e  11. C u r i e - p o i n t  d e s o r p t i o n / p y r o l y s i s  mass spec t ra  o f  t a r  f r a c t i o n s  
from a nonweathered ( " f r e s h " )  Hiawatha c o a l  ob ta ined b y  d i f f e r e n t  
techniques. Compare w i t h  Table I .  Note i n c r e a s i n g  complex i ty  
f rom a t o  d (exaggerated i n  d by t h e  presence o f  gaseous, low 
molecu la r  weight products,  e.g., a lkenes, l o s t  d u r i n g  c o l l e c t i o n  
of a-c) .  Peaks l a b e l e d  "P" represent  p y r i d i n e  res idues  and/or 
background s i g n a l s .  

f 
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THE ACTIVITY OF C U - Z n O - A l 2 O j  METHANOL SYNTHESIS CATALYSTS 

G c C h i n c h e n ,  P J Denny, D G P a r k e r ,  G D S h o r t ,  
M S S p e n c e r ,  K C Waugh) and  D A Whan 

Imperial C h e m i c a l  I n d u s t r i e s  PLC, A g r i c u l t u r a l  D i v i s i o n ,  
PO Box N o  1, B i l l i n g h a m .  C l e v e l a n d ,  Eng land  

+ I C 1  N e w  S c i e n c e  Group,  Runcorn  H e a t h ,  Runcorn ,  
C h e s h i r e ,  E n g l a n d  

Methanol is made ( 1 )  w i t h  g r e a t e r  t h a n  99% s e l e c t i v i t y  when a 
h i g h  p r e s s u r e  g a s  m i x t u r e  o f  CO, CO1 and  H 2  is p a s s e d  o v e r  a 
c a t a l y s t  c o n t a i n i n g  Cu, 2n0  a n d  A 1 2 0 3  a t  be tween  220'C a n d  
300'C. O t h e r  t h a n  t h a t  t h e  react ion is e x o t h e r m i c  t h e r e  
seem to b e  f ew f u r t h e r  f a c t s  a b o u t  wh ich  c o m p l e t e  a g r e e m e n t  
e x i s t s  ( 2 ,  3 ) .  Wi th  i n c r e a s i n g  e m p h a s i s  b e i n g  p l a c e d  
w o r l d w i d e  on  m e t h a n o l  s y n t h e s i s  p r o c e s s e s  b e c a u s e  of  t h e  
p o s s i b l e  role which  m e t h a n o l  may p l a y  i n  t h e  f u t u r e  e i t h e r  a s  
a f e e d s t o c k  o r  a f u e l ,  t h e r e  is now a c o n s i d e r a b l e  i n t e r e s t  
i n  t h e  c h e m i s t r y  o f  t h e  s y n t h e s i s  r e a c t i o n .  W e  have  s o u g h t  
f o r  many y e a r s  t o  g a i n  a n  u n d e r s t a n d i n g  of  t h e  mechanism of 
m e t h a n o l  s y n t h e s i s  on  Cu-ZnO-A1 O3 c a t a l y s t s  f o r  t h e  p u r e l y  
p r a g m a t i c  r e a s o n  t h a t  w e  hope  t i e r e b y  t o  d i s c o v e r  ways o f  
i m p r o v i n g ,  s t i l l  f u r t h e r ,  t h e  a l r e a d y  i m p r e s s i v e  p e r f o r m a n c e  
c h a r a c t e r i s t i c s  of  t h e s e  c a t a l y s t s .  

Our  a p p r o a c h  has  b e e n  t o  a p p l y  a wide  r a n g e  of  t e c h n i q u e s ,  
p a r t i c u l a r  e m p h a s i s  b e i n g  p l a c e d ,  where  p o s s i b l e ,  on t h e  use 
of p r a c t i c a l  c a t a l y s t s  u n d e r  i n d u s t r i a l  w o r k i n g  c o n d i t i o n s ,  
w i t h  t h e  aim o f  a n s w e r i n g  t h e  f o l l o w i n g  q u e s t i o n s :  

( i )  

( i i )  

I ( i i  

( i v  

(V 1 

Is m e t h a n o l  s y n t h e s i s e d  f rom CO or COz?  

What is t h e  s t a t e  of t h e  c o p p e r  i n  a work ing  
c a t a l y s t ?  

What roles a re  p l a y e d  by t h e  ZnO and  A 1 2 0 3  componen t s  
i n  t h e  c o m m e r c i a l  c a t a l y s t ?  

What is t h e  mechanism a n d  which  r e a c t i o n  s t e p  is ra te  
d e  termi n i n g ?  

What are t h e  a c t i v e  s i t e s  f o r  m e t h a n o l  s y n t h e s i s  on  a 
Cu/ZnO/A1203 c a t a l y s t ?  



MEASUREMENT OF CATALYST ACTIVITY 

Activity is determined under standard conditions of 250"Ct 
50 atms, SV 40,000 hrs-', gas composition 10% CO, 3% C O z ,  67% 
H2, 20% N 2  in standardised pseudoisothermal reactors 
operating from a single large gas battery with a common 
purification system. Each catalyst sample is reduced under 
standard conditions (5% H2 in N 2  at 1 atm for 15 hrs) and 
exposed to reaction gas for pre-set periods of time. TO a 
first approximation, activity is proportional to methanol 
concentration in the outlet gases - an assumption reasonably 
defensible provided catalyst activity does not vary to0 
widely between samples, and as long as equilibrium is not 
closely approached. The reproducibility of activity 
measurements is shown by the exit concentration of methanol 
(measured to 99% confidence limits) from 23 replicate runs 
with a standard industrial catalyst. An arbitrary activity 
Of unity was assigned to this catalyst. 

\ 

1,' 
I 

THE ROLE OF CARBON DIOXIDE 

I i In 1975 Kagan et a14 reported work with labelled carbon 
oxides which showed that methanol synthesis proceeds through 
carbon dioxide rather than carbon monoxide eg 

CO + H20 + C02 + H2 + CH30H + H20 (1) 

This work has been repeated and confirmed by us. 
as a component, gas containing equal moles of CO and CO has 
been reacted over the standard Cu-Zn0-A1203 catalyst under 
the standard conditions as described above. Space velocity 
was varied between 10,000 and 240,000 hrs-1 and the exit 
gases analysed for the separated components and their 
corresponding radioactivities measured. Results are shown 
in Figure 1 and reveal clearly that synthesis proceeds via 
carbon dioxide. 'Scrambling' of radioactivity via the shift 
react ion: 

With I4CO2 

is negligible at high space velocities and indicates that 
under methanol synthesis conditions the reverse water gas 
shift reaction (ie left to right above) is slower than the 
methanol synthesis reaction. This coupled with the fact that 
methanol radioactivity is always higher than that of the C02 
suggests there may be no intermediate common to the water gas 
shift and synthesis reaction. 

J 
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THE STATE OF COPPER IN A WORKING CATALYST 

A c c u r a t e  m e a s u r e m e n t  o f  t h e  c o p p e r  s u r f a c e  area of r e d u c e d  
C U - Z ~ O - A ~ ~ O  c a t a l y s t s  by t h e  use o f  t h e  r e a c t i o n  be tween  
n i t r o u s  o x i d e  a n d  s u r f a c e  c o p p e r  a t o m s  is now r o u t i n e  and  
r e p r o d u c i b l e .  

The method h a s  been d e s c r i b e d  by p r e v i o u s  a u t h o r s  ( 5 ,  6 )  and  
i n  i ts most c o n v e n i e n t  f o r m  t h e  e v o l u t i o n  o f  n i t r o g e n  
f o l l o w i n g  a p u l s e  of  n i t r o u s  o x i d e  is m e a s u r e d .  Wi th  t h i s  
t e c h n i q u e  a number o f  Cu-ZnO-A1203 c a t a l y s t s  o f  d i f f e r e n t  
s y n t h e s i s  a c t i v i t y  and  c o v e r i n g  a r a n g e  o f  c o p p e r  p a r t i c l e  
s i z e s  h a s  been  examined .  The r e s u l t s  shown i n  F i g u r e  2 
i l l u s t r a t e  a l inear  d e p e n d e n c e  o f  s y n t h e s i s  a c t i v i t y  on  t o t a l  
c o p p e r  s u r f a c e  area.  

I n  t h i s  w o r k  w e  have  a d h e r e d  t o  t h e  s t a n d a r d  r e d u c t i o n  
p r o c e d u r e  b e c a u s e  t h e  r e s u l t i n g  s u r f a c e  is r e p r e s e n t a t i v e  o f  
t h e  i n i t i a l  s t a t e  of  t h e  rea l  c a t a l y s t  s u r f a c e  i n  i n d u s t r i a l  
u s e .  R e d u c t i o n ,  however  w i t h  e i t h e r  CO or p u r e  H results 
i n  a 25% i n c r e a s e  i n  c o p p e r  s u r f a c e  a r e a  s h o w i n g  t 6 a t  some 
c o p p e r  s t i l l  r e m a i n s  o x i d i s e d  a f t e r  s t a n d a r d  r e d u c t i o n  
t r e a t m e n t .  

The a v a i l a b l e  m e t a l  s u r f a c e  a r ea  a s s o c i a t e d  w i t h  a work ing  
c a t a l y s t  s u r f a c e  c a n  be measu red  i n  a v a r i a t i o n  o f  t h e  
t e c h n i q u e  by s w e e p i n g  t h e  w o r k i n g  s y s t e m  c l e a n  w i t h  i n e r t  g a s  
and t h e n  s w i t c h i n g  i n  a p u l s e  of  n i t r o u s  o x i d e .  The 
e f f i c a c y  o f  t h i s  t r e a t m e n t  c a n  be  m e a s u r e d  by f u l l y  re- 
r e d u c i n g  t h e  o x i d i s e d  s u r f a c e  and  r e d e t e r m i n i n g  t h e  t o t a l  
s u r f a c e  area to  e n s u r e  t h a t  n o  i r r e v e r s i b l e  s u r f a c e  c h a n g e s  
have  o c c u r r e d .  R e s u l t s  shown i n  T a b l e  1 r e v e a l  t h a t  a b o u t  
30% o f  t h e  i n i t i a l  c o p p e r  s u r f a c e  o f  a t y p i c a l  i n d u s t r i a l  
c a t a l y s t  is u n a v a i l a b l e  f o r  r e a c t i o n  w i t h  n i t r o u s  o x i d e  
u n d e r  w o r k i n g  c o n d i t i o n s ,  i e  i s  p r o b a b l y  o x i d i s e d .  The 
p r o p o r t i o n  o f  o x i d i s e d  si tes on  t h e  w o r k i n g  s u r f a c e  w i l l  
a l m o s t  c e r t a i n l y  b e  a f u n c t i o n  o f  t h e  r a t i o s  o f  c a r b o n  
d i o x i d e  t o  c a r b o n  monoxide  and  o f  steam to h y d r o g e n  a s  w e l l  
a s  t e m p e r a t u r e .  The c a t a l y s t  s u r f a c e  is t h e r e f o r e  i n  a 
dynamic  s t a t e  a n d  i t  may be a n t i c i p a t e d  t h a t  t h e  n a t u r e  o f  
t h e  s u r f a c e  w i l l  v a r y  i n  a f i x e d  bed reac tor  f rom t o p  t o  
b o t t o m ,  b e i n g  a f u n c t i o n  o f  t h e  a m b i e n t  g a s  c o m p o s i t i o n .  
T h i s  e m p h a s i s e s  t h e  u n c e r t a i n t i e s  i n h e r e n t  i n  e x t r a p o l a t i n g  
from e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  u n d e r  c o n d i t i o n s  d i f f e r i n g  
s i g n i f i c a n t l y  f r o m  t h o s e  used  p r a c t i c a l l y .  

The o x i d i s e d  s u r f a c e  o f  t h e  c o p p e r  c r y s t a l l i t e s  p r o b a b l y  
c o n s i s t  p a r t l y  o f  o ( 3 d s )  and  O H ( a d s ) ,  
t h e s e  s p e c i e s  v i a  hy r o g e n  and  water is w e l l  e s t a b l i s h e d  
(7-9) a n d  l i k e l y  t o  o c c u r  u n d e r  m e t h a n o l  synthesis 
c o n d i t i o n s .  

The  i n t e r c h a n g e  o f  

180 



THE ROLE OF SUPPORT OXIDES 

The establishment of a correlation between copper surface 

for the supporting oxides in the detailed mechanism of 
synthesis. For example, some essential, but not rate- 
determining, steps in the reaction mechanism may occur on the 
support. Alternatively, if the surface/adsorbate complex 
involved in the rate determining step were a copper species, 

zinc oxide (zinc-copper contiguity) then the copper surface 
area correlation given above would still be obtained. 

However, certain possible roles can be ruled out, for 
example, rate determining adsorption of any species onto a 
zinc or aluminium site. 

One way in which evidence can be brought to bear on the role 
of zinc or aluminium oxides is to prepare high area catalysts 
in which one or the other oxide is omitted and to measure the 
activity/unit copper area compared with a standard copper- 
zinc-alumina catalyst. This has been done for a series of 

) binary compositions containing copper allied respectively 
with the oxides of aluminium, manganese and magnesium. 
Results are shown in Figure 3 and compared with the standard 
Cu-Zn0-A1203 correlation. To a first approximation they 
reveal, surprisingly, no unique role for either zinc oxide or 
alumina in determining methanol synthesis activity. The 
copper surface areas of these catalysts under synthesis 
conditions are given in Table 1. 
catalysts, re-reduction gave an increase in copper area in 
all but one sample, but the proportion of copper surface 
covered by oxide was always much smaller. The high level of 
surface oxidation in copper/zinc catalysts may be a 
consequence of surface brass formation. 

The area measurements therefore strongly suggest that only 
copper metal/copper oxide and probably only the copper metal 
surface is implicated in the rate determining step of 
synthesis and any oxide with appropriate basicity is 
substantially equally effective in promoting copper surface 
area and corresponding synthesis activity. Considerations 
of catalyst stability are, of course, not pertinent at this 
point. 

\ area and methanol synthesis activity does not rule out a role 

\ 
'\ 

\ the presence of which was determined by juxtaposition with 

a 

As with the Cu-Zn0-Al2O3 

MECHANISM OF METHANOL SYNTHESIS 

The combination of temperature programmed desorption (TPD) 
and, temperature programmed reaction spectroscopy (TPRS) has 
been used to examine the mechanism via adsorption, desorption 
and decomposition of reaction intermediates. These 
techniques have shown that on Cu/ZnO/A1203 catalysts, the 
observed intermediate on the surface of the Cu and ZnO 
components of the catalyst is the formate species. Methanol 
adsorption (Figure 4 )  at room temperature on to a catalyst in 
which the surface copper is about 25% oxidised (see above) 
was characterised by two main peaks in the desorption 
spectrum: (i) by the coincident desorption of H2 and C 0 2  at 
a peak maximum temperature of 440K - a fingerprint of the 
existence of a formate species adsorbed on the copper 
component (10) and (ii) by the coincident desorption of H2 
and co at 580K - characteristic of a formate species adsorbed 
on zinc oxide (11, 12). 

/ . I  

181 



The same two f o r m a t e  s p e c i e s  are o b s e r v e d  a f t e r  t h e  
a d s o r p t i o n  of f o r m a l d e h y d e  on t h i s  p a r t i a l l y  o x i d i s e d  
c a t a l y s t ,  i n  a d d i t i o n  t o  which  m e t h a n o l  i t s e l f  is d e s o r b e d  a t  
360 K .  T h i s  l a t t e r  is c h a r a c t e r i s t i c  o f  d e s o r p t i o n  o f  
m e t h a n o l  f r o m  c o p p e r  110  ( 1 3 ) ,  s u g g e s t i n g  t h a t  i t  h a s  i n  f a c t  
been  formed o n  t h e  c o p p e r  component  o f  t h e  c a t a l y s t  i n  
p r e f e r e n c e  to  t h e  z i n c  o x i d e  component .  

A p o i n t e r  to  t h e  ra te  d e t e r m i n i n g  s t e p  on  t h e  c o p p e r  
component  of  t h e  c a t a l y s t  and  a n  i n d i c a t i o n  o f  t h e  role  o f  
t h e  s u p p o r t  i n  t h e  mechanism is t o  be f o u n d  i n  microreactor 
e x p e r i m e n t s  ( 1  a t )  o n  a C u / A 1  O 3  c a t a l y s t .  F o l l o w i n g  CHBOH 
s y n t h e s i s ,  TPRS showed t h a t  t6e f o r m a t e  s p e c i e s  e x i s t e d  on  
t h e  s u r f a c e  o f  t h e  c o p p e r  u n d e r  s t e a d y  s t a t e  m e t h a n o l  
s y n t h e s i s  c o n d i t i o n s  ( C 0 2 / H  f e e d ,  220 'C) ;  t h e  same f o r m a t e  
s p e c i e s  was o b s e r v e d  a f t e r  8 o s i n g  t h e  c a t a l y s t  c o n t i n u o u s l y  
w i t h  t h e  same f e e d  (CO,/H ) ,  b u t  a t  100'CI when no  d e t e c t a b l e  
r e a c t i o n  o c c u r r e d l  i e  n e i z h e r  m e t h a n o l  s y n t h e s i s  n o r  r e v e r s e  
s h i f t .  The r a t e  d e t e r m i n i n g  s t e p  i n  t h e  c o n v e r s i o n  o f  C 0 2  
and  H2 t o  m e t h a n o l  on  t h e  c o p p e r  component  of  t h e  c a t a l y s t  
occurs t h e r e f o r e  a f t e r  f o r m a t i o n  o f  t h e  s u r f a c e  f o r m a t e  
s p e c i e s  - p r o b a b l y  t h e  h y d r o g e n o l y s i s  of t h e  a d s o r b e d  
f o r m a t e .  TPD e x p e r i m e n t s  on  t h e  C u / A 1 2 0 3  c a t a l y s t  and on  
A 1 , O  a l o n e  showed t h e  CO, t o  be a d s o r b e d  on  t h e  a l u m i n a  
i t s e j f ,  s u g g e s t i n g  t h a t  a role of t h e  b a s i c  s u p p o r t  ( b o t h  
A l 2 O 3  and  ZnO) i s  t h e  a d s o r p t i o n  o f  t h e  C O S .  T h i s  c o u l d  
t h e n  react  a t  t h e  s u p p o r t / c o p p e r  i n t e r f a c e  w i t h  hydrogen  
a t o m s  a d s o r b e d  o n  t h e  c o p p e r l  f o r m i n g  a f o r m a t e  s p e c i e s  on  
t h e  c o p p e r  s u r f a c e ,  t h e  r a t e  d e t e r m i n i n g  s t e p  p r o b a b l y  b e i n g  
t h e  h y d r o g e n o l y s i s  o f  t h i s  a d s o r b e d  f o r m a t e .  

A l t e r n a t i v e l y ,  a t  w o r k i n g  p r e s s u r e s  (50 -100  a t ) ,  C 0 2  may 
a d s o r b  o n  t h e  p a r t i a l l y - o x i d i s e d  c o p p e r  s u r f a c e  and  t h e n  
r e a c t  i n  t h e  same way. Such  a d s o r p t i o n  o f  C 0 2  h a s  been  
r e p o r t e d  by  S t o n e  a n d  T i l l e y  ( 1 4 )  f o r  a c o p p e r  s u r f a c e ,  
p a r t i a l l y  o x i d i s e d  by m o l e c u l a r  o x y g e n .  I t  is c l e a r  f rom 
t h e s e  r e s u l t s  a n d  t h o s e  d e s c r i b e d  a b o v e ,  t h a t  t h e  a d s o r p t i o n  
o f  C 0 2  is  n o t  rate d e t e r m i n i n g .  

The n a t u r e  o f  t h e  a d s o r b e d  C 0 2  h a s  been  s u g g e s t e d  i n  a b  
i n i t i o ,  s e l f  c o n s i s t e n t  f i e l d  molecular o r b i t a l  
c a l c u l a t i o n s  ( 1 5 )  which  showed t h a t  u n l i k e  o t h e r  p o s s i b l e  
molecular i n t e r a c t i o n s  n o  e n e r g y  b a r r i e r  e x i s t e d  f o r  t h e  
r e a c t i o n  of h y d r o g e n  atoms w i t h  COY.  

The o v e r a l l  m e t h a n o l  s y n t h e s i s  mechanism f rom C 0 2  and  
h y d r o g e n  c a n  t h e r e f o r e  be w r i t t e n  a s :  

( 4 )  

where  t h e  s u b s c r i p t  a and  g re la te  t o  a d s o r b e d  and  gas  p h a s e  
species r e s p e c t i v e l y .  The n e g a t i v e  c h a r g e  on t h e  a d s o r b e d  
C 0 2  a n d  formate s p e c i e s  may be less t h a n  u n i t y .  
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The mechanism d o e s  n o t  s p e c i f y  wh ich  o f  t h e  t h r e e  
h y d r o g e n a t i o n  s teps  r e p r e s e n t e d  by reaction 4 is rate  
d e t e r m i n i n g ,  b u t  i t  seems l i k e l y  t h a t  it is t h e  s tep  w h i c h  < i n v o l v e s  ca rbon-oxygen  bond b r e a k a g e ,  ie  h y d r o g e n o l y s i s .  

However, as r e a c t i o n  4 shows,  e a c h  c o p p e r  s i t e  a t  w h i c h  
m e t h a n o l  is s y n t h e s i s e d  w i l l  become o x i d i s e d  a s  a c o n s e q u e n c e  
o f  t h e  s y n t h e s i s  r e a c t i o n .  T h e s e  o x i d i s e d  sites c o n s t i t u t e  
i n  t h e  s t e a d y  s t a t e  some 30% o f  t h e  t o t a l  s u r f a c e  a v a i l a b l e  
i n i t i a l l y  f o l l o w i n g  r e d u c t i o n  (see T a b l e  11, t h e  s t e a d y  s t a t e  
b e i n g  m a i n t a i n e d  by t h e  r e a c t i o n s  o f  CO ( 1 6 )  and  H2 (8) w i t h  
O( a d s  ) * 

O x i d a t i o n  of CO on  p a r t i a l l y  o x i d i s e d  c o p p e r  c o n s t i t u t e s  p a r t  
o f  t h e  s h i f t  r e a c t i o n ,  w h i l e  TPRS shows t h a t  CO i s  n o t  a \ p r o d u c t  o f  C u ( 1 )  f o r m a t e  d e c o m p o s i t i o n .  The s h i f t  r e a c t i o n ,  

1 

, t h e r e f o r e ,  u n d e r  m e t h a n o l  s y n t h e s i s  c o n d i t i o n s  on  Cu-ZnO- 
A 1 2 0 3  c a t a l y s t s  d o e s  n o t  i n v o l v e  t h e  f o r m a t e  i n t e r m e d i a t e  
c o n t r a r y  t o  p r e v i o u s  s u g g e s t i o n s  ( 1 8 ) .  

Thus :  

C 0 2  + H2 % X # C H B O H  x ( 5 )  

CO i' H20 

The mechanism p r o p o s e d  r e s e m b l e s  t h a t  f o u n d  (11, 12, 19) 
e a r l i e r  f o r  t h e  s y n t h e s i s  of  m e t h a n o l  f r o m  C 0 2  a n d  H, o v e r  
z i n c  o x i d e .  T h i s  r e a c t i o n  is s e v e r a l  o r d e r s  of m a g n i t u d e  
slower t h a n  c o p p e r - c a t a l y s e d  s y n t h e s i s  and  it  p l a y s  n o  p a r t  
i n  t h e  r e a c t i o n  o v e r  Cu/ZnO/A1,03 c a t a l y s t s .  

THE ACTIVE SITE 

The e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  t h e  a c t i v e  s i te  f o r  
m e t h a n o l  s y n t h e s i s  c o n s i s t s  o f  a c o p p e r ( 0 )  s u r f a c e  atom i n  
close p r o x i m i t y  to a n  o x i d e  s u r f a c e  s i te.  T h e s e  sites a r e  
formed i n  t h e  f i r s t  i n s t a n c e  by r e d u c t i o n  w i t h  H2, t h e  number 
o f  s u c h  sites b e i n g  d e t e r m i n e d  by t h e  H :H 0 and CO:CO, 
r a t i o s .  T h i s  v i e w  i s  v e r y  s i m i l a r  t o  {hag p r o p o s e d  by 
Okamoto e t  a1 ( 1 7 1 ,  f o l l o w i n g  t h e i r  s t u d y  of  r e d u c e d  CuO-ZnO 
s u r f a c e s  by XPS. F r o m  w o r k  by Habraken  e t  a1 ( 1 6 ) ,  and  
Mesters e t  a1 ( a ) ,  CO reacts f a s t e r  t h a n  H w i t h  O(*), b u t  
w i t h  a s i g n i f i c a n t  a c t i v a t i o n  e n e r g y ,  so it is p o s s i b l e  t h a t  
t h e  CO:CO, r a t i o  i s  t h e  more i m p o r t a n t .  
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CONCLUSIONS 

M e t h a n o l  s y n t h e s i s  over Cu-ZnO-A1 O3 c a t a l y s t s  occurs V i a  
c a r b o n  d i o x i d e  h y d r o g e n a t i o n  on t i e  p a r t i a l l y  o x i d i s e d  c o p p e r  
s u r f a c e .  O x i d e  s p e c i e s  may p l a y  a d i r e c t  p a r t  i n  t h e  
s y n t h e s i s  by p r o m o t i n g  a b s o r p t i o n  o f  CO a t  t h e  c o p p e r - o x i d e  
i n t e r f a c e ,  r e a c t e d  COX b e i n g  r e p l e n i s h e i  v i a  t h e  s h i f t  
r e a c t i o n  which  o c c u r s  a t  d i f f e r e n t  s i t es  a n d  by a d i f f e r e n t  
mechanism f r o m  m e t h a n o l  s y n t h e s i s .  O v e r a l l ,  CO can react a t  
a n y  o x i d i c  or h y d r o x i d i c  c o p p e r ( 1 )  s i t e ;  m e t h a n o l  s y n t h e s i s  
p r o b a b l y  o c c u r s  a t  c o p p e r ( O ) / c o p p e r ( I )  s i t e s .  

T a b l e  1 

T o t a l  c o p p e r  area, d u r i n g  use a n d  c o p p e r  a rea  f o l l o w i n g  use 

o f  a s t a n d a r d  Cu/Zn/A1203 c a t a l y s t  a n d  v a r i o u s  b i n a r y  

c o p p e r / m e t a l  o x i d e  c a t a l y s t s  [m2 per g c a t a l y s t  c h a r g e d ] .  

S t a n d a r d  m e t h a n o l  s y n t h e s i s  c o n d i t i o n s .  

CATALYST 

Cu-Zn-A1203 

Cu-Mg0 60  : 40 

6 0  L 30 : 1 0  

Cu-Mg0 20:80 

Cu-Mg0 40 : 60 

Cu-MgO 60:40 

Cu-A1203 2 0 : 8 0  

Cu-A1203 40  : 60 

Cu-A1 203 60:40 

Cu-MnO 20 : 80 

Cu-MnO 40:60 

Cu-nnu 60 : 40 

Cu AREA 
AFTER 

EDUCT I ON 

32 .2  

9.0 

22.6 

5.9 

14.9 

1 1 . 7  

19.9 

12 .7  

15.6 

1 5 . 7  

23.9 

RELATIVE 
INITIAL 
4CTIVITY 
PER g 
ZATALY ST 

1 .o 

0 . 1 5  

0 . 2 1  

0 . 1 3  

0 . 2 7  

0 . 4 5  

0.5 

0 . 4 0  

0 . 3 0  

0 . 2 8  

0.38 

19 March 1 9 8 4  
SM/L81A14 
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Cu AREA 
AFTER 

ACTIVITY 
TEST 

1 9 . 6  

7 .5  

23.4 

6.1 

13.0 

10.6 

11.2 

1 2 . 2  

1 4 . 1  

15 .4  

2 4 . 7  

Cu AREA 

i E -  REDU CTI ON 
AFTER 

29.2 

8.6 

- 
6.4 

13 .7  

- 
20.5 

1 1 . 6  

1 6 . 0  

16 .8  

2 6 . 2  
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